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PREFACE TO THE FIRST EDITION 

In 1918 there was established at Case School of Applied Science, with 
the cooperation of the Management of the National Lamp Works of 
the General Electric Company, a course in Illuminating Engineering 
designed especially for undergraduate students. 

This book is, therefore, the result of six years of actual experience in 
the presentation of this subject in the classroom. It deals with the 
principles underlying the production of light and its applications, rather 
than the details of the applications themselves, since these arc subject 
to change due to the rapid development of this branch of engineering. 

The (course as given at Case School of Applied Scienc^e covers a period 
of one year. Three hours per week are assigned in part to lectures and 
in part to recitations, and one pc^riod per week is devoted to laboratory 
work. The lectures are given by specialists in their resi)cctivc subjects 
and the recitation work is (conducted by a member of the departmental 
staff. 

In the preparation of this book, space limitations have made it neces- 
sary to omit much material which might otherwise have been included, 
and there is no thought that the stibject is treated exhaustively. 

The material has been drawn from such a large number of sources, 
including many of the teclmical and scientific journals, that individual 
acknowledgment has seemed to be impracticable. However, in con- 
nection with the different subjects, some references have been inserted to 
show where additional information is available, and the more important 
tables have been included as giving data not always readily accessible. 

In the preparation of the material for publication it was necessary 
to adopt a somewhat different arrangement than has been followed in 
the lectures themselves, in order to bring all material on a given subject 
together and to avoid duplication. In many instances, therefore, 
material of one contributor has been combined with that of another. 
The major subject of each contributor is given ^in the list of contributors, 
but it has not been found practical to identify each contribution in detail. 

The editors desire to record their appreciation of the invaluable 
assistance and most hearty cooperation their associates have rendered. 
It is through their most generous assistilnce and contributions that this 
book is possible. 

vii 




INTRODUCTION 


Illuminating Engineering had its inception as a separate engineering 
profession in the organization, in 1906, of the Illuminating Engineering 
Society. Since that time various treatises on the subject have been 
published, some definitely intended as textbooks; but the science and 
art of illumination are so new, and the subject matter so diverse, that 
none of the authors of those treatises would lay claim either to com- 
prehensiveness or to thoroughness. Recognition of the broad scope of 
the subject was first secured through the course of lectures given at the 
Johns Hopkins University in the fall of 1910. Sin(!e that time both 
the science and the art have dcvelo|i('d rapidly through the combined 
efforts of a great variety of workers in different fields; and, even now, 
he who would seek, single-handed, to prepare an inclusive treatise on 
Illuminating Engineering, as it is understood and practiced to-day, 
would find his task a difticailt one. 

When, therefore. Case School of Applied Science secured the coopera- 
tion of the Managers of the National Lamp Works of the General 
Electric Company in the inauguration of a course in Illuminating 
Engineering, it was sought to have eacih asi)ect of the subject presented 
by a specialist. Most of the subjects have been presented by specialists 
of the National Lamp Works, but certain subjects, viz.. Gas Lamps, 
Arc Lamps and Vapor Tube Lamps, have been given by specialists of 
other organizations, through the courtesy of the Welsbach Company, 
the National Carbon Company and its successor, the Union Carbide 
and Carbon Research Laboratories, Inc., and the Cooper-Hewitt 
Electric Company. 

From the beginning it was apparent that much of the value of the 
course was lost owing to the unavailability of an adequate textbook. 
Through the insistence of Professor H. H. Dates, head of the Depart- 
ment of Electrical Engineering, the various lecturers were gradually 
induced to commit their lectures to writing, so that mimeographed 
copies might be distributed to the students. It was but a step in thought 
from this to the publication of the combined lectures jii textbook form, 
though this step was covered only after arduous work on the part of 
the two editors: Mr. Francis E. Cady,* who had much of the burden of 
detail in the daily arrangements of the course, and Professor H. B. Dates, 
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whose experience in engineering education made success possible in 
this new educational undertaking. 

The present textbook is the result of these efforts, and represents the 
outcome of actual experience in giving the course in Illuminating 
Engineering to junior and senior students in Electrical Engineering in 
a well-estal)lishcd tccihnical school. It is published for further use in 
Case School of Applied Scucjncc, but with the larger hope in the minds 
of all who have contributed to it, lecturers, editors and administrators, 
tliat it may serve in a similar way wherever this new branch of engineer- 
ing may be taught, and that it also may find use as a brief, comprehen- 
sive survey of the subject matter and current j)ractiee by that larger 
number of students who, having finished their collegiate courses, have 
entered the lighting lield as a vocation. 


EDWARD P. HYDE, 

Formerly Director of Fenearch, Natimnl La7n]) 
Worlds of General Electric Company 


St. Jean-de-Luz, Fiiance 
November 22, 1923. 
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ILLUMINATING ENGINEERING 


CHAPTER I 

PHYSICS OF LIGHT PRODUCTION 

lA. G. WORTHINO] 

Nature of Light 

Corpuscular Theory. — What is the mechanism whereby the sun 
sends out light? Tlie ancitmis advanced a (lorpuscuiar theory. The 
sun, and con.seciucntlj'^ any source of light, was assumed to emit streams 
of small material [)ai-ticles or corpuscles, whi(;h moved ordinarily in 
straight lines and produced vision upon entering the eye. Bodies were 
supposed to be rendered visible by the corpuscles reflected from them. 
This theory was generally ac'cepted previous to the early decades of 
the nineteenth century. 

Wave Theory. — The idea of light as a wave phenomenon was first 
suggested by Huj'ghens in 1(578. A century and a half later, on that 
basis. Young, lYcsiiel and their co-workers explained the phenomena 
of interference, diffraction and polariz.ation. However, the conflict, 
with the earlier theory, bitterly contesbal and inten.sely dramatic, did 
not close until 1850 when Foucault showed, contrary to the prediction 
of the corj)uscu]ar theory, the velocity of light to be less in water than 
in air. 

Transmission of light by wave motion recpiired the postulation of a 
medium Ixitween sun and earth and throughout inter.stetlar space. 
This medium was called the ether and was pictured, and still is by those 
who believe in its existence, as “ a universal medium filling all known 
space, in whicdi the minute portions (/ ordinary matter arc supposed to 
exist not unlike the motes of du.st one secs in the air of a room when a 
ray of sunlight enters.” The main charactei"isti(i of the ether is the 
property of transmitting transverse vibrations with a velocity of 300,000 
kilometers j:)er second (18(5,500 miles per second). These vibrations 
were originally supposed to be mechanical, somewhat like water waves. 

Electromagnetic Theory. — The gi?)at achievements of the first half 
of the nineteenth century regarding the nature of light were accom- 
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panied by similarly great achievements in the study of electricity and 
magnetism. In order to explain the transference of energy from one 
electrical circuit to another by means of their mutual inductance, it 
was necessary to assume an unknown medium which could be and was 
identified with the ether of light phenomena. In the decade following 
1860, Maxwell, a great lilnglish physicist, expressed this relation defi- 
nitely in a theory which treated light phenomena as purely electro- 
magnetic. Shortly afterwards, this theory was verified experimentally 
by Hertz. He detected waves of purely electromagnetic origin, which 
possessed the velocity of light and could be reflected, refracted, scattered 
and polarized. These waves differed from light waves apparently only 
in having much greater wave-lengths. 

This theory is not to be viewed as antagonistic to the wave theory 
developed earlier but as a very fundamental extension of it. Trans- 
verse vibrations in the etlier were assumed for the propagation of 
electromagnetic waves as they had been assumed for the earlier wave 
theory; but the processes imagined had not tlie earlier simplicity. 

Quantum Theory. — The present quantum thtiory is similarly to be 
regarded as a fundamental extension of the electromagnetic theory. 
In 1900-1901, it was advanced by Planck in his theoretical derivation 
of an expression whicdi succ(\ssfully describes the radiation from a 
complete radiator or black body (to be discussed later). The main 
departure from previous procedure consisted in the assumption of a 
spasmodic radiation of energy in bundles, or quanta, by the ultimate 
radiators, instead of a gradual, steady process. 

Planck postulated (1) that the ultimate sour(;es of light arc linear 
oscillators, “ cacli (consisting of two poles, with equal quantities of 
electricity of oi)i)osite sign, which may move relatively to each other 
on a fixed straight line, the axis of the oscillator (the present concep- 
tion of an ultimate sourc^e of light differs from this somewhat) ; (2) that 
each linear oscillator, at least for a given cemdition of surroundings, 
possesses a definite natural fn^picncy of vibration; (8) that an oscillator 
does not emit radiation or light (continuously, but in bric^f spasmodic 
pulses at times when the total energy of vibration happens to be an 
integral rnultipki of tlu' “ quantum of (mergy (to be defined) for the 
oscillator in question; and (1) that when radiation occurs it is complete 
in the sense tliat the oscallator emits the whole of its supply. The 
quantum of energy was defirujd l)y e = hv, where e represents a 
quantum of cnc^rgy for the particular oscillator, v its natural frequency 
and h a universal constant of nature. According to the third postulate, 
radiation was not assumed tc occur always when the total energy of the 
oscillator had reached, by some means, a single quantum, though it 
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might occur then. However, when emission did take place, it was 
necessary for the totaj energy of the oscillator to be some integral 
number of quanta. 

Peculiarly enough, while clarifying and unifying much of physics 
that was not understood or stood disconnected, the quantum theory 
has not been successful in some instances in ac^counting for phenomena 
that had appeared simple on the electromagnetic wave-theory basis. 
It is difficult to reconcile the quantum theory explanation of ionizing 
and radiating potentials on the one hand with that for interference of 
light on the other hand. The former seems to recjuire the propagation 
of radiation in quanta to restricted linear paths, the latter to outward- 
spreading spatial disturbances. The former pictures radiation from 
a light source as a barrage of energy projectiles, the latter as a succession 
of two-dimensional, spreading waves. 

Wave-length Analysis of Radiation 

The Grating. — The most common method for the determination of 
wave-length, which is a fundamental factor in radiation measurements, 
makes use of a grating. One type of grating consists of a great number 
of very fine eejuidistant parallel scratches on a glass plate. It is essen- 
tially a collection of very narrow equal slits, equally spaced, side by side. 
Another type consists of a piece of speculum metal similarly ruled. In 
the former type the spectrum is formed by the radiation transmitted 
by the grating; in the latter type, by the radiation reflected from the 
grating. 

If a mercury-arc lamj) in operation is viewed through a grating, 
several groups of colored images of the sour(;e will be seen on each side 
of the lamp. In the order of their distances from the lamp, the colors of 
the images are violet, blue, green, yellow and orange. Kach group 
possesses the same number of colored images similarly placed and 
constitutes a spectrum of the sour(;(\ If a liiKiar incandescent source 
is viewed similarly, several broad multi-colonid bands will be seen on 
each side of the source. Each band, analogous to a group of colored 
images of the mercury-arc, constitutes a spectrum of the source. In 
this case, the images of the source may be considered infinite in number, 
their combination resulting in a single multi-colored image or band 
changing gradually in hue from a violet at the edge next the source to 
a faint deep red at the far edge. 

These spectra are due to diffraction, i.e., the spreading of a beam of 
light into a hiore or less diffuse fan^shaped pencil on its passage close 
to the edge of an obstacle or through a narrow slit. 
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Spectra are spoken of as of the first order, second order, etc., depend- 
ing on whether they are perceived next to the source or second from 
the source, etc. Given the distance between the narrow, equally spaced 
slits, corresponding wave-lengths may be computed from the deviations 
of the various colored beams. For light incident normally (Fig. 1), 

nX = d sin Oj 

in which n represents the order of the spectrum, X the wave-length, d 
the distance between successive slits, and 6 the angle. Wave-lengths 
are usually designated in terms of tlie micron. One micron equals 
0.001 mm. The symbol for the micron is the Greek letter fi. 



Fig. 1. Diagram to Illustrato Action of Grating in Forming Spectra. 

The Prism. — Triangular prisms of glass, cjuartz, roc^ksalt and 
certain other substances arc also used to form spe(;tra. Those formed, 
however, do not follow the simjil(‘ law of tlio grating. The deviation 
angles corresponding to various wave-lengths are usually C/iilibrated 
by means of the latter. 

For wave-length measurements, prisms are secondary to gratings in 
importance. However, when the intemsit ies of the* radiations associated 
with different wave-lengths are considered, the situation is the reverse. 
A prism deviates all of the transmitted radiation into a single spectrum, 
while a grating deviates only a part of the transmitted radiation, usually 
in unpredictable amounts, into ihany spectra. 

Color Wave-length Relations. — A definite color or hue is associated 
with each wave-length of visible radiation. In passing from one end 
of the visible spectrum to the other there can readily be distinguished 
not only the main divisions of color, such as red, orange, yellow, green, 
blue and violet,, but also, if conditions are satisfactory, several hundred 
additional colors. The boundaries between the main subdivisions arc 
indefinite, differing with different people. For a rough subdivision the 
following boundaries may be assumed : 0.78/i — red — 0.63/x — orange — 
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0.59m — yellow — 0.55m — green — 0.49m — blue — 0.45m — violet — 0.38m. 
The limits of the visible spectrum may be assumed as 0.78m and 0.38m. 

Infra-red Radiation. — Herschel, in 1800, using a glass prism to show 
that the radiations in a visible spectrum will affect a thermometer 
exposed to them, found that the most marked heating effects are ob- 
tained outside of the visible spectrum — the only portion then known — 
in what is now called the infra-red spectrum (Fig. 2). Infra-red radia- 
tiqps are similar in nature to those producing vision, the sole difference 
being the greater wave-lengths of the infra-red. Many people refer 
to these radiations as heat rays. This term, however, is a misnomer, 
since the heating effects produced by them differ only in degree from 
those produced by the visible spectrum. 



Fig. 2. Diagram Showing Relation of Ultra-violet and Infra-red Radiations with 
Respect to the Visible^ in the Spectrum of a Source Formed by a Prism. 

The existcnije of infra-red radiations is readily demonstrated by 
exposing a radiometer to an iii(;andcscent lamp, first directly, and then 
through a screen containing a dense solution of iodine in carbon bisul- 
])hide. This screen has the })ropcrty of transmitting infra-red radia- 
tions and of al)sorbing visible radiation. The indication of the radi- 
ometer corrospondiiig to the heating effects of the radiations incident 
upon it is seen to be somewhat smaller in the second case. This shows 
that by far the larger portion of the radiation from the lamp lies outside 
the visible spectrum. Other work shows it to be infra-red. 

Ultra-violet Radiation. — Similarly, in the region beyond the blue 
and the violet, radiations are found which are capable of producing 
marked effects, particularly of a photographic nature. 

The existence of such radiation is readily shown by means of a quartz 
spectrograph (an instrument particularly adapted for obtaining such 
spectra) which is pointed at a merciiry-in-quartz arc* or an iron arc. 
A piece of ground glass placed in the focal plane will show only a con- 
centrated visible spectrum. If a. piQce bf uranium glass is now substi- 
tuted for the ground glass, there will appear, in addition to the visible 
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spectrum, a great many lines in the region beyond the blue edge of the 
visible spectrum. The radiations which produce them are incapable 
of producing vision directly; but, when they impinge on certain sub- 
stances siicli as uranium glass, they are able to cause those substances 
to emit other radiations whose waves possess a different frequency and 
wave-length. The process is known as fluorescence. In this case, 
the fluorescent radiation is visible. Because of their location in the 
spectrum, the exciting radiations in this case are called ultra-violet 
radiations. So far as known, they differ from visible radiations only 
in that they have shorter wave-lengths. 

X-rays and 7-rays. — Recent work has shown that X-rays (or Roent- 
gen rays) differ from those which have just been (lonsidered, only in 
that their wave-lengths are exceptionally short, commonly of the order 
of a thousandth or a ten-thousandth of those occurring in visible radia- 
tion. Oystals interposed in tlic path of a narrow homogeneous beam 
of X-rays will produce diffraction effects similar to those produced by 
gratings on ordinary light. In fact, crj'^stals are diffraction gratings 
with three dimensions instead of two. The grating space, correspond- 
ing to the distance between lines in the ordinary grating, is the distance 
between atomic planes. 

Associated with the disruption of atoms in radioactive processes, 
there often occur emissions of 7 -rays. They are of the same nature as 
X-rays and possess wave-lengths of the same order of magnitude. It 
is probable that they arc produced by (luite similar causes. 

Spectrum of Radiation. — In 1\iblc I arc shown the various known 
classes of radiation together with the limits as to wave-lengths within 
which measurements hav(i been made. The velocities of all in free 
space are identically that of light, viz., 299,860 km. /sec.. Since the 
product of frcciucncy of Aubration and wave-kuigth giv^es the velocity 
of propagation, it is a simple matter to determine the freciucncics of 
vibration in various sources, which will give the limits of radiation 
specified. 

Until recently, certain gaj)S existed in the table, one between the 
shortest measured wireless waves and the longest known infra-red 
waves, and the other between the shortest known ultra-violet waves 
and the longest known X-rays. Now the former gap has been spanned, 
and means have been found whereby certain radiations may be both 
produced and measured by the methods of wireless telegraphy and of 
infra-red measurements. 

Similar progress has resulted in the narrowing of the other gap. It 
is believed that spectral images, x>t lines, as they are usually called, 
which have the characteristic X-ray origin, have already been detected 
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and measured by the methods characteristic of ultra-violet measure- 
ments. In fact, the radiations at the short wave-length limit of the 
ultra-violet spectrum of the higher elements belong to this class. 


TABLE I 

SPEt’TRTTM OF RaDIATION 


ClasM 

Wiivo-leriRth Lirriita 

Wireless tolcgrai)hy. 

Hertzian waves 

Infra-red rays 

r 25 krn. 

\ 0 2 mm. 

/ 0.3 mm. 

1 0.78m 

/ 0 78m 

1 O 38m 
/ O 38m 

1 0.032m 

I 12 OO A 

1 0.07 A 

Visible rays 

Ultra-violet rays 

X-rays and 7-rays 


0 001 kill. - 1 m. = lO'’ mm. =- 10® m = 10"» A 


The region dealt with in this work is that wliich is included under the 
infra-red, the visible, and the ultra-violet. 

Types of Spectra. — Two ty])cs of spectra have already been noted. 
In one, radiation of only certain definite wave-lengths is present. 
Spectra of this type, of which that due to the mercury arc; is illustrative, 
arc known as bright-lined spectra. In the second type, radiations of 
all wave-lengths throughout the measurable spectrum are present. 
Spectra of this type, of which that due to an ordinary incandescent 
lamp filament is illustrative, are known as continuous spectra. 

There are three other types of spectra — the dark-lined, the bright- 
banded and the dark-banded. Typi(;al of dark-lined spectra is that due 
to the sun, which is continuous save for a great many dark lines which 
cross it at irregular intervals. The significance of these dark lines will 
be discussed in the study of the sun's radiation. Bright-banded spectra, 
such as occur in the light from the firefly and phosphorescent and 
luminescent glows, possess spectra whicli are continuous for certain 
ranges of wave-lengths only. Although rc;ally belonging to the bright- 
lined group, spoctrti with groui)s of closely related bright lines, which 
appear as bright bands in spectrometers having low resolving power, 
are also commonly (;allod bright-banded spectra. Dark-banded spectra 
are continuous spectra strcakinl with dark bands, that represent regions 
for which there is little or no radiation present. The spectrum of light 
from an incandescent lamp which has passed through a colored glass is 
a good illustration of this class. 
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Measurement of Effects Produced by Radiation 

Effects Produced by Radiation. — Mechanically, light beams exert 
pressures. The great illustration in nature is the comet^s tail, which 
seems to be due largely to the pressure exerted by the sun^s radiation 
upon the very much attenuated particles constituting the comet. A 
curious consequence is that the tail of a comet, while following the 
comet naturally during the api)roach toward the sun, gradually swings 
to one side as the perihelion is approached and passed, and finally leads 
the comet into outer space. This peculiar behavior results from the 
fact that the tail is a grand collection of minute particles leaving the 
head of the comet under the influence chiefly of radiation pressure. 
The material in the tail is changing constantly. Because these particles 
move faster than the comet, the ‘‘ tail ahead feature naturally results. 

Thermally, radiation is capable of raising the temperature of things 
exposed to it. Illustrations of this are obvious. (Chemically, there 
exist the processes of photography, fading of dyes and ])aiiits, hardening 
of certain substances by sunlight, etc. Electrically, there arc the 
resistance changes which occur when selenium is exposed to radiation, 
the ionization which occurs in the surrounding atmosphere when certain 
metals are exposed to certain radiations of short wave-length, and the 
phenomenon of the upf>er atmosphere known as the Aurora Borealis. 
Visually, there is the effect on the eye. Still another effect is fluores- 
cence, the phenomenon described al)ove in demonstrating the existence 
of ultra-violet radiation. In measuring radiation, these effects and 
combinations of them arc used. 

Measurement of Radiant Energy. — Measurements of radiant energy 
are usually based on heating effects prodvKied by the radiation. The 
instruments most commonly used arc the thermocouple, the bolometer 
and the radiometer. In the thermocouple, the heat developed produces a 
thermal electromotive force; in the bolometer it i)rodu(;cs a change in 
the resistance of a very thin blackened strip of platinum; in the radi- 
ometer, it produces an increased gaseous pressure in the neighborhood 
of an absorbing vane in a partial vacuum, which results in a torque on 
a suspended system. The indications of these instruments depend 
upon the rate at whi(;h radiant energy is received. Only when their 
indications are integrated over an interval of time are energy measure- 
ments really obtained. 

Spectral Energy Curve. — By plotting against wave-length the indi- 
cations of a radiometer or some other so-called energy-measuring in- 
strument, exposed successivelyi to different small elements of the spec- 
trum of a source as produced by a prism, a curve is obtained which 
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shows the relative heating effects for the various wave-lengths of radia- 
tion from that source. Such a curve is spoken of as a spectral energy- 
curve. 

Thus curve a of Fig. 3 is a spectral energy curve showing the relative 
heating effects associated with different wave-lengths for tungsten at 
about 2200® K. (a temperature about 250® less than that occurring in 
ordinary vacuum tungsten lamps). It shows, for instance, that the 
maximum heating effect for a given short interval of wave-lengths for 
tungsten at that temperature is located at 1.2/x and that there such 



Fig. 3. Spectral Energy Curve (a) and Spectral Luminosity Curve (b) of a 
Tungsten Filament at about 2200° K. 

That portion of the area enclosed under curve “a” which is beyond the limits of 
this diagram is equivalent to about 25 squares. 

effects are about twice those cxj^rienced by a similar interval at the 
red end of the visible spectrum (0.7S/z), and perhaps a hundred times 
more than is to be expected at the blue end (Cf.38/i). 

If the indications of the heat-measuring instrument are represented 
by slender rectangular areas with widths on the plot, proportional to 
the short interval of wave-lengths impinging on the instrument, it 
follows that the total heating effect, ^taking account of all wave-lengths, 
is represented by the area inclosed between the spectral energy curve 
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and the wave-length axis, since this area is nothing more or less than 
the sum of all the elementary, slender rectangles, which touch but do 
not overlap. From the standpoint of heating effects, the infra-red 
portion of the spectrum in this case constitutes by far the greater part 
of the whole. The ultra-violet portion is almost negligible. Within 
the visible range, only about 4 or 5 per cent of the energy is radiated. 

Spectral Luminosity Curve. — If the eye is used in place of the radi- 
ometer to evaluate the radiation from a source, a different spectral 
evaluation curve will be obtained. Since the eye cannot be calibrated 
to give an absolute determination of a visual effect, but can determine 
equality or lack of equality between two separate visual effects simul- 
taneously obtained, something more than a simpler substitution of the 
eye for the radiometer is necessary in the experimental pro(;edure. The 
instrument used for this type of work is the spectrophotometer (see 
page 225). With it, convenieiit comijarisons may be made between 
the visual effects from various portions of tlic spec^trum of an analyzed 
source and those from some constant standard source, the visual effects 
from which may be varied as desired by mechanical subdivision. 

The evaluation of the radiation from tungsten at 2200° K. by the eye 
will give some such curve as 6, Fig. 3. It is called the spectral lumi- 
nosity curve of the source. It shows that at certain wave-lengths the 
visual effect or luminosity is much greater than at others, the maximum 
effect being in the neighborhood of 0.58)Lt. Toward either end of the 
visible spectrum the luminosity decreases. Reasoning similar to that 
applied to the spectral energy curve shows that the area under the 
spectral luminosity curve represents the total visual effect. 

On the assumption that the eye as a machine is 100 per cent efficient, 
making full use of the incident radiation only at that wave-length at 
which curves a and h are tangent, and that at other wave-lengths the 
eye^s efficiency is relatively reduced, it must be (u)ncluded that the eye 
is not only incapable of responding at all to about 95 per cent of the 
radiation from the filament, but also that, considering the reduced 
efficiency in various parts, its overall efficiemy for this source is of the 
order of 1 per cent (the ratio of file area enclosed under b to that under 
a) of the maximum possible value. 

The blame for this poor efficiency may be thrust upon the source by 
saying that, from the visual standpoint, its radiation is inefficient, or 
that the efficiency of a lami) is only 1 or 2 per cent of the theoretically 
highest possible .value. 

Each source has a characteristic spectral luminosity curve; further, 
the curve for any particular ‘soqrce changes with temperature. A 
tungsten filament at 1800° K. has a spectral luminosity curve which 
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differs from that at 2200® K., shown in Fig. 3, by being relatively de- 
ficient in the shorter wave-lengths, the dividing line being in the region 
of 0.55/x. This change corresponds to the reddening which is noticeable 
on lowering the temperature of the tungsten filament. If the tempera- 
ture is raised, an opposite change is found .to correspond to the whitening 
of the source. Similar changes take place in the spectral energy curve. 

Employing a similar method, spec^tral photographic-action curves, 
and, indeed, spectral curves for any effect due to radiation may be 
obtained and analyzed. 

Contrasts in Heating, Visual and Photographic Effects. — How 

differently a radiometer, an eye and a photographic plate (through a 
glass lens) weight the radiation from a source is shown by the spectral 
energy, the spectral luminosity and the spectral photographic-action 
curves of the source. A particular comparison of weights may be made 
from Fig. 4, in which spectral distribution curves arc given for a high- 
efficiency tungsten lamp and a blue-sky source for the visible and a 
small portion of the ultra-violet regions. For case of comparison, a 
condition of equal total illumination has been selected for plotting, 
i.e., the scales have been so chosen that the areas enclosed beneath the 
two spec^tral luminosities arc ecjual. The difference in the total weights 
assigned by the radiometer and the photographic plate is readily ob- 
served. Those familiar with photography will perceive that this is 
consistent with the greater photographic efficiencies of blue-sky illumina- 
tions actually cxj)crienced. 

Definitions of Light. — It is necessary to define the term “ light 
specifically. Several usages have been recognized, but for this dis- 
cussion light will be considered as a quantity which stands in the same 
relation to the visual effe(;ts of radiation that radiant energy does to 
the heating effec^ts. Thus the potential heating effects of the radiation 
from a source, when summed uj) over a i:)criod of time, give the energy 
radiated during that interval. Similarly, the potential visual effects 
of the same radiation, summed up, give the light radiated during that 
interval. 

Visibility of Radiation. — Though the spectral energy and spectral 
luminosity curves differ from source to source, the visibility function 
which connects them does not. This function shows the relative effi- 
ciency of the eye in responding to radiations of various wave-lengths. 
It is a property of the eye — more strictly, of the seeing mechanism — 
and is, therefore, the same whatever the source used in its measurement. 
Plotted as a fun(;tion of wave-length, it forms the visibility curve. The 
visibility curves of individuals having normal vision differ slightly, and 
for practical purposes an average curve is used. 
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The absolute value of the visibility at any wave-length is the ratio 
of the visual effect to the heating effect of the radiation at that wave- 
length, and is expressed in lumens per watt. For example, at 0.556m 
the visibility of radiation is 670 lumens/watt. This means that a 



Fig. 4. A Diagram Showing How Differently the Eye, an Ordinary Photographic 
Plat-e (through a glass lens), and a Radiometer, Weight the Radiations from a 
Blue Sky, and from a High-efficiency, Oas-lilled Tungsten Lamp. The curves 
represent distributions for equal illuminations. 

A the spectral energy distribution of the lamp. 

B the spectral energy distribution of the blue sky. 

A^ — the spectral luminosity distribution of the lamp. 

B^ — the spectral luminosity distribution of the blue sky. 

A* — the spectral photographic action distribution of the lamp. 

B^ — the spectral photographic action ilistribution of the blue sky. 


radiant flux of 1 watt at 0.556m is measured visually as 670 lumens. If 
the 670 lumens are regarded as the output of the eye for an input of 1 
watt of radiant flux, this visibility ratio is seen to represent an efficiency 
of radiation associated with the wave-length 0.556m. 

From curves A and or curves B and 7i^, Fig. 4, a curve may be 
computed which will show relative visibilities. It will be readily seen 
that a maximum relative visibility of unity is obtained in the yellow- 
green at 0.556m, and that in passing to shorter or longer wave-lengths 
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the relative visibilities gradually decrease to zero values at the violet 
and the red ends of the spectrum. Though the ordinates of curves 
and Fig. 4, are too small to show on the plot beyond 0.70/1, visi- 
bilities have been measured out as far as 0.76/z. At 0.60/i the relative 
visibility is about 63 per cent; at 0.65/i, about 11 per cent. Values of 
the relative visibility instead of the values in absolute units are often 
plotted as functions of wave-length. 

Visibilities in absolute units are obtained by multiplying relative 
visibilities by 670 lumcns/watt, the absolute value at the maximum 
(this quantity is the inverse of the mechanical equivalent of light, 
0.00150 watt/lumen). Thus, at 0.556/^, 0.60/x and 0.65/i, the absolute 
visibilities are 670 luincns/watt, 420 lumens/watt and 74 lumens/watt. 
As with the niaxiniuni visibility, the visibilities 420 lumens/watt and 
74 lumens/watt may be looked upon as the efficiencies of the radiations 
associated with wave-lengths 0.60/4 and 0.65/4. The visibility curve as 
a whole when in aljsolute units may be regarded as a curve showing the 
spectral luminous efficiency of radiation. 

The contrast of the maximum spectral efficiency of 670 lumens/watt 
with the average ovcrjdl efficiency (including ultra-violet and infra-red) 
of about 6 lumens/watt for a tungsten filament at about 2200® K. 
is consistent with the con(^lusion reached in connection with Fig. 3, 
that the overall efficiency of that radiation in producing visual effects 
is roughly 1 per cent of the maximum possible efficienc}^ 

A visibility curve furnishes the means for obtaining a spectral lumi- 
nosity curve wlien the corrcs{K)nding spectral energy curve is once 
known. To obtain (he spectral luminosity (airve in such a case, the 
procenliire consists in i)lotting, as a function of wave-length, the products 
of visibilities and corn^sponding spectral energy ordinates. 

Lamp Efficiency. — Lamp efficiency, like other efficiencies, represents 
the ratio of an output to an input. In this case it is customary to 
measure these two cpiantities in different units. The input of a light 
source is commonly measuiod in watts, the output in lumens, and the 
efficiency, therefore, in lumens/watt. Thus, the operating efficiencies 
of the ordinary 110-volt vacuum tungsten lamps range around 10 
lumens/watt. 

In some instances, as in preceding sections, the efficiency, not of a 
source, but of the radiation from a source called luminous efficiency, is 
spoken of, just as though the radiant flux from the source, measurable in 
watts, were the input of the eye as a machine and luminous flux, measur- 
able in lumens, were the output. In^ ordinary vacuum incandescent 
lamps, the rate of supply of energy, except for some small losses, is equal 
to the rate of radiation of energy. In such cases, the lamp efficiency 
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of the source, though lower, is practically equal to the luminous effi- 
ciency of its radiation. The case is different in gas-filled incandescent 
lamps, where the rates of supply and of radiation of energy differ con- 
siderably on account of the conduction of heat away from the filament 
by the gas in the lamp. In such cases the efficiency of the source 
is noticeably lower than that of the radiation. It is generally 
easy to determine, from the context, which of these quantities is re- 
ferred to. 

Visibility and luminous efficiency are quantities of the same nature. 
Both are expressed in lumens/watt. Usage, however, has limited 
the use of luminous efficiency to the ratio of total luminous output to 
total radiant flux, including therein the infra-red and the ultra-violet 
regions; and the use of visibility to the similar ratio for approximately 
monochromatic radiation. Unlike the luminous efficiency, the visi- 
bility associated with a particailar wave-length is the same under normal 
conditions, whatever the actual source considered. 

It is interesting to consider certain values of (dliciency. The highest 
attainable value, using an ideal source whicdi radiates energy only in 
the n^gion of maximum visibility, is G70 lumens/ watt. The highest 
possible white-light cfficieiu'y from an imaginary source which would 
radiate in the visible much as does the sun but which would have neither 
infra-red nor ultra-violet radiation, would be about 250 lumens/watt. 
The highest possil)le effi(;ienc.y for black-body radiation, a type which 
will be discaisscd later, is about 90 or 95 lumens/watt. Contrast these 
with the efficiencies of 10 to 80 lumens/watt, whi(di are obtained with 
the most efficient light sources, and it is evident that a great gain is 
possible in commercial liglit production. 

Color 

Color of a Light Source. — The color of a light source refers to its 
appearance when vii'wed directly or the appciarancc of a truly white 
surface illuminated by it. It depends primarily on the spectral dis- 
tribution of the luminous flux. * This is true both of strongly colored 
sour(^es, such as flames burning salts and mercury- vapor lamps, which 
have bright-line or bright-band spectra, and of tungsten and carbon 
lamps, which have continuous spectra. 

The apparent color of a source may be considerably modified by an 
intervening medium. A most conspicuous example is the color change 
which the sun seems to undergo in ])assing from zenith to horizon. The 
cause for this, as well as the orijiin of the sky as a light source, is related 
to the body color of the atmosphere. By body color is meant that 
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color which an object possesses on account of its selective action in 
absorbing, scattering and transmitting the penetrating radiations, so 
that certain wave-lengths are more copiously reflected or transmitted 
than others. In the atmosphere the agents producing the selective 
effects are dust particles, small water drops, and the molecules of the 
air itself. When the sun is high, the radiatioft which reaches the earth 
penetrates only a relatively thin layer of atmosphere. Though radia- 
tions of all wave-lengths are scattered, the effect is by far the most 
noticeable for the short, or blue, wave-lengths. The apparent color 
of the sun, though 
not greatly changed, 
is appreciably red- 
dened thereby. The 
light that has been 
scattered, being pre- 
dominantly blue, 
gives to the medium 
that scatters it a 
blue color; hence the 
blue sky. The agents 
that scatter selec- 
tively also absorb 
selectively and in 
this process the blue 
radiation is much 
more rapidly elimi- 
nated with increased length of paths of light through the atmosphere 
than the red radiation. Thus the sun and the western skies at sunset 
are reddish because of some scattering of all wave-lengths and of the 
practi(ral elimination of tlu? blue by absorption. The gradual change 
which takes ])la(!c is well shown in Fig. 5, in whic^h are shown spectral 
energy curves of the sun’s radiation through the atmosphere, for 
various azimuths. The passage from the zenith to an altitude of Tg®, 
for instance, is accompanied by a reduction in luminosity of about 85 
per cent in the blue region (0.5/Lt) and of roughly 50 per cent in the 
red region (0.65/x). 

Colors of Material Objects. — The color of a non-luminous material 
object depends upon the spectral character of the incident light and 
upon the selcctK^e action of the object on that radiation. That the 
character of the source is important is shown by the contrast which the 
mercury arc and the incandescent Janlp cause in the appearance of 
human beings upon whom their light falls. That the selective actions 
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Fiu. 5. Spectral Energy Curves of Sunlight at different 
Altitudes Showing Effects of Scattering and Absorption 
by the Atmosphere. 
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of objects are equally important may be shown by a simple demonstra- 
tion. Several narrow strips of highly colored papers mounted end to 
end on a dark cardboard, a diffraction grating, and a source of light 
yielding an intense narrow directed beam are required. In a darkened 
room, in the narrow beam, the colored strips of paper will serve as 
secondary sources. Their spectra as seen through the grating will show 
just how their colors are linked up with their selective actions. The 
spectrum of a white strip will show all colors; that of a red strip, for 
example, will perhaps also show all colors, but with their relative bright- 
ness, in comparison with that for the white, decreasing rapidly toward 
the violet. As a result of the selective action, the center of the spec- 
trum of the red strip appears much nearer the red edge. Similar char- 
acteristics will be noted for the spectra of the other colored strips. 

When the appearance of an object is due to selective action taking 
place within the medium, the color of the object is said to be a body 
color. Snow, steam, paint i)iginents, and the earth^s atmosphere are 
illustrations. When the appearance is due to the selective reflection 
which takes place at the surfa(;e, as is the case with most metals, the 
color of the object is said to be a surface (^olor. (iold possesses its 
distinctive orange-yellow color because of its copious selective reflection 
of light of certain wave-lengths. 

Relation Between the Color of a Body as a Light Source and as a 
Material Object. — The color of a source emitting radiations in conse- 
quence of a high temperature is closely tied up with its color as a body. 
The color of an incandescent lamp souixh^ depends not only on the 
temf)erature of its filament, but also on its selective action in emitting 
radiations of various wave-lengths. This latter charac^teristic; for such 
a source is directly connected with its selective absorbing action for 
radiation that may fall upon it; that is, direc^tly connected with one 
of the factors which determines its color as a body. This viewpoint 
will be (jonsidered further in the section on J31ack and Non-black 
Radiators. 


Incandescence and Luminescence 

Definitions. — Radiations belonging to the visible and the adjacent 
ultra-violet and infra-red spectra arc divided into two classes, incandes- 
cent and luminescent. The distinction betw^een the two types is not 
entirely definite, though ordinarily but little difficulty is experienced in 
classifying the radiation in any particular case. 

Incandescence, or temperature radiation, as it is often called, is that 
type of emission in which the radiation is due to, and stands in a definite 
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quantitative relation to the temperature of the source. It is well 
illustrated by the emission from an ordinary incandescent lamp filament 
or any other heated solid. Radiation of this type gives usually, if not 
always, a continuous spectrum in which all wave-lengths are present. 

Luminescence is that type of emission in which the radiation is not 
related in a strict sense to the temperature of the source. It is well 
illustrated by the radiation from mercury vapor in an ordinary mercury- 
vapor arc or by the radiation which comes from the arc proper (not from 
the electrodes) of any arc lamp. To illustrate, when mercury vapor is 
heated in an oven to the temperature which occurs in the mercury-vapor 
arc, very little, if even a trace, of the arc radiation is observable. The 
fundamental cause of radiation in the arc source is something other than 
temperature. The spectra of the typical luminescent sources are quite 
distinct, being of the bright-line or bright-band types. 

One reason for the difficulty experienced in some cases in differentia- 
ting between the two types of radiation probably is the o(;currence, in 
many instances, of both types in varying proportion. The present 
lack of knowledge of processes involved in various sources is probably 
another reason for this difficulty. 

Electrical Structure of Matter. — A study of the ultimate sources of 
radiation is intimately connected with a study of atomic structure. 
Many facts profoundly affecting our conceptions of structure have been 
discovered during the past twenty or twenty-five years. New discover- 
ies are gradually being made. Theories of atomic structure are being 
formed, revamped and discarded. It is not safe to predict what the 
ultimate concept will be like. However, throughout all changes in 
theory, certain results and considerations have won well-nigh universal 
acceptance. 

The great advance in the study of the nature of matter dates back 
to 1859 when Pliicker noticed the phosphores(‘ent patches produced on 
the surface of highly exhausted glass bulbs through which very high- 
voltage electric discharges were passing. Subsequent work indicated 
that the phosphorescence was due to rays of some kind originating at 
the cathode. They were called cathode rays. Projected in straight 
lines from the cathode, they cast shadows of opaque obstacles in their 
path and are capable of producing fluorescence in various intcrix)sed 
materials, of being deflected by electrostatic as well as magnetic fields, 
and of charging negatively any conductor upon whi(^h they impinge. 
It was not until 1897, however, that Sir J. J. Thomson demonstrated 
at the Cavendish Laboratory at Cambridge University that these 
cathode rays are “ charges of negative ^electritdty carried by particles 
of matter.'^ These particles are now known as electrons. 
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Thomson obtained, moreover, a value for e/m, the ratio of the charge 
of the electron to its mass (1.76G X 10^ electromagnetic units of charge 
per gram, according to more recent determinations) which indicated 
that the mass of the negatively charged electron is about 1/1850 of that 
of the hydrogen atom as determined by electrolysis. He found that 
changing the material of the cathode did not alter the value of c/m, 
indicating that the electrons, wherever found, are alike. Later still, 
he also showed that the whole of the mass of the electron could be 
ascribed to the inertia of the electrostatic field connected with its 
electric charge. 

This view has received experimental confirmation and is now uni- 
versally accepted. The radius of the ele(*tron on Tliornson’s supposition 
is of the order of 10“ cm., roughly 1/100,000 of the distance between 
atom centers in the most coriipac^t solids. 

Results obtained more recently by Rutherford, Sir J. J. Thomson\s 
successor at tin; ( 'avinidish Laborator^^, and others seem to indicate that 
there is a positive elementary charge or proton whose mass, however, is 
much greater than that of the electron. It is generally believi^d that 
the electrical charge of the proton is numcTically oiiual to that of the 
electron though op^iosite in sign. 'The theory which, applied to the 
electron, gave a radius of 10 cm. giv(‘s in this instance a much smaller 
value. In fact, the radii are taken as inversely proportional to their 
masses. Assuming a hydrogen atom to be made up of one proton and 
one electron, as is ordinarily done, this would niean a radius of the order 
of 10”^® cm. for the jnoton. Such dimensions seem to be in accord 
with, and in fact demanded by, Rutherford’s work. It seems that all 
mass whatsoever is el(‘ctromagni'tic in nature. 

The atoms of all substances arc believed to be made u]) of (‘ombina- 
tions of j)rotons and of (‘lectrons sulFicient in number to render the 
whole electrically luiutral, and so arranged as to make more or less stable 
units. In some instance's, e.g., uranium, radium, thorium, the stability 
is relatively not gn'at, and the atoiius spontaneously decompose. 

The most commonly ('mj)loycd concept of tlie h 3 '^drogcn atom consists 
of an electron revolving in an' or])it about a proton. In the case of 
helium, the picture consists of a nucleus of four protons and two elec- 
trons about which two electrons move in relatively distant orbits. In 
the case of the other atoms, th(^ pic^tures arc similar, though in each 
case the excess of proions over electrons in the nucleus is differt'.nt from 
that for every other atom. In fact, it is the nu(*lcar charge or the atomic 
number (the nu(dear charge divided b^*^ the c.harge of a single proton) 
which is believed to determine the nature of the atom, i.e., whether it 
is oxygen, or chlorine, or something else. Whether the electrons out- 
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side a nucleus are in orbital motion or are relatively stationary is a point 
on which people interested in radiating properties dilfer with those 
interested in chemical properties. 

Metallic Conduction. — The electron theory, as it is called, has 
entered intimately into the explanation of physical phenomena. The 
passage of a current through a metal wire, for instance, may be ex- 
plained thus: When atoms are closely packed, as in solids or liquids, 
it may be assumed to happen often, as in metals, that the interatomic 
forces arc such as to result in the loose binding of certain of the electrons 
of the atoms. As a result of thermal agitation they move about among 
the atoms more or less freely. Their velocities will vary greatly in 
magnitude and direction, following generally the same distribution that 
results from the thermal agitation of the molecules of a gas. One 
difference is to be expeeded, however, (laseous molcicules ordinarily 
maintain their identities inta(;t as they impact and rel)ound; but often 
the impact of a free nc^gativc electron will result in its loss of freedom. 
Equilibrium conditions, however, will be maintained through the free- 
ing of other elec^trons in the same or neighboring atoms. 

The application of an electromotive force to such a wire will cause a 
drift of the free electrons contained in it and result in an electrical 
current. Electric^al resistance is cxiJaincMl as the hindrance which the 
larger atomic masses and positive residues of atoms offer to the drift. 
A positive residue consists of the remainder of an atom after the re- 
moval of one or more electrons. A considerable number of the impacts, 
through recombination, result in the elimination of free electrons. 
Other negative electrons becoming free, however, must be given the 
directed velocity in orch^r to take up the drift reejuired for the (jurrent. 
This requires tlie constant expenditure of work and results in the heating 
which is ordinarily said to be due to el(H*tri(^a! resistance. 

Differcncies in resistivity are accounted for by the concentration of 
the free elec^trons, their average velocities and their average paths 
between impacts with atoms. On this basis insulators are merely poor 
conductors bec^ause they have very few free electrons. 

The foregoing theory employing free electrons satisfactorily explains 
many phenomena, including that of the origin of radiation in heated 
solids. Considered by its(‘lf, however, it fails in the exj)lanation of 
certain other phenomena. Other theories have been advanced which 
succeed in places where the foregoing fails, but none generally satis- 
factory has yet been developed. 

Gaseous Conduction. — Gases and vapors, including metallic vapors, 
except at very high temperatures, iy states of e(iuilibrium ordinarily 
have their molecules so far removed from one another, and the inter- 
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molecular forces so weak, that electrons ordinarily are no longer freed 
by thermal agitation. In this condition of no free electrons, a gas or 
vapor is a non-conductor. The application of strong electric fields and 
of various other means may be used, however, to ionize a gas or vapor. 
The process consists in the tearing away of one or more electrons from 
various atoms or molecules. ' In case such ionization occurs in an elec- 
tric field, the electrons and the positive residues of the atoms or mole- 
cules that are formed will then move in opposite directions. Some of 
the electrons and some of the positive residues may associate with them- 
selves un-ionized molecules and perhaps also other electrons and positive 
residues, forming larger electrically charged units, usually referred to 
as ions. (Stric^tly speaking, the ion includes also the electron and par- 
ticularly the })ositive residue.) Whether in the presence of an external 
electric field or not, many of the positive and negative ions will recombine 
to form aggregations that are neutral or more nearly so. If neutral, 
the component parts will separate into the original molecules. 

The movement of the electrically charged ions — the positive toward 
a cathode, the negative toward an anode — constitutes a current through 
the gas or vapor. In contrast with metallic conduction, there is here 
a close resemblance to electrolytic conduction. 

The Ultimate Radiators. — The processes of ionizing atoms and mole- 
cules and of recombining of the component ptirts are intimately con- 
nected with the radiation of energy. To the best of our present knowl- 
edge, those component parts taken in pairs or in groups are the ultimate 
radiators. The mechanic's involved in the radiation process, whereby 
they arc able to snap off, so to sf)eak, a portion of the energy from the 
supply which has been stored up about them, is not only uncertain but 
beyond tlie scope of this course. Certain of the factors involved will 
be discussed to sonic extent, however. 

The Energy Emitted by the Ultimate Radiators. — The energy of 
formation of an atom in comparison with the amounts of energy it 
absorbs or liberates in ordinary chemical reactions is enormous. It is 
believed to be stored up for the most part in the spacer (the interpenetra- 
ting ether is stressed, according to those who believe in its existence) 
within and between the component parts, largely as electrostatic poten- 
tial energy. 

The separation of an electron from an atom, together with the prob- 
able readjustment in the positive residue — that is, the ionization of an 
atom — requires the performance of work. The energy contributed 
by the outside agent in this jirocess will appear as electrostatic energy 
in the intervening space. It represents quantitatively the energy 
which is radiated when recombination of an electron with the positive 
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residue takes place at some later time. If perchance the radiation is 
within certain limits of frequency, it may be visible. When recom- 
bination is complete, the total amount of energy radiated is equal to 
the energy of ionization. Atomic systems are conservative. 

Much radiation takes place from atoms only partially ionized. The 
impacts of electrons or ions driven by electric forces upon neutral atoms, 
while often not sufficiently severe to ionize them completely, may, 
however, be severe enough to produce partial ionization — that is, an 
electron forming a part of an atomic structure may bo shifted from its 
normal stable position to another position of less stability. The energy 
contributed by the ionizing agent, manifested by a decrease in its kinetic 
energy, will be stored up as electrostatic energy in the neutral atom. 
With the return of the atom to its original state, this same amount of 
energy will be radiated into space. As in the case of complete ionization, 
the frequency may be such that light is produced. 

In case of partial ionization, the radiation process will ordinarily 
follow the partial ionization at once or nearly so. In case ionization is 
conifdete, a considerable* interval of time may elapse; and recombination 
may talce place b(‘twceii componc'nt parts from atoms that were orig- 
inally (piite independent. 

Values of the order of 0.001 see. and even 0.01 sec. have been ob- 
tained for the interval between a stoppage in the production of ions in 
a mercury arc and the time at which the rate of recomt)inatioii had 
become so faint as to escape visual detection. Short as these intervals 
are, they arc much longer than the time usually required for an atom 
partially ionized to return to its normal state, for which values of the 
order of 10“® se(;. have been obtained. Regardless of the time interval, 
the process of radiation is the same. In each instance, electrostatic 
energy, associated with the separation, partial or complete, of an 
electron and the positive residue of an atom, is the energy radiated. 

A simple exi)eriment may ])e performed to illustrate that radiation 
occurs during the return of the radiating material to its normal equilib- 
rium condition rather than during the interval in which energy is being 
supi^lied to disturb tliat condition. A small high-tension discharge 
between two terminals in a commercial argon atmosphere, such as 
occurs in ordinary gas-filled lamps in which the ^ernwnals are not heated 
to incandescence, will cause a flame-like discharge from which a bluish- 
white fog issues and is carried upward by convection currents. A 
sudden stoppage of the discharge results in the immediate dying out 
of the flame and stoppage of the fog formation. Now, if the test is 
made in a darkened room, the fog formation will continue luminous, 
though gradually and rapidly decreasing in brightness. Intervals of 
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the order of 8 or 10 seconds previous to the complete dying out are 
easily obtained. The great length of time for the full recovery is 
probably associated with some changes other than simple ionization. 
However, it is evident that the radiation occurs at recovery. 

Radiating and Ionizing Potentials. — There arc significant data 
relating to sodium which illustrate the two types of radiation following 
partial and complete ionization. It has been found that atoms of its 
vapor, when bombarded by electrons that have speeds resulting from 
a passage through potential drops of 2.091 volts and 2.093 volts (2.12 
volts as measured), yield the charar‘t(iristic orange-colored spectral 
lines at 0.5898/x and 0.5892jLt. In this condition the sodium vapor is 
not ionized and will not support gaseous (conduction. When, however, 
the potential drop is changed to 5.111 volts (5.13 volts as measured) 
ionization takes placce, the vai)or supports gaseous (*onduction, and 
many more liruis, in(;hiding one in the ultra-violet at 0.2413m, are found 
in the spectrum. The limes at ().5898m ‘‘iml 0.5892m follow partial 
ionization; the one at 0.2413m follows complete ionization. The poten- 
tial drops reciuired for these elTects arc (called respectively radiating 
and ionizing potentials. Many other radiating potentials for sodium, 
corresiX)nding to some of its other spe(ctral lin(\s, are beli(eved to exist, 
but thus far ex[)erimental technique has not i)ermitted of the proof. 

The Supplying of Energy to the Ultimate Radiators in Luminescence. 
— In the further discussion, a distinction will be drawn h(ctwcen lumi- 
nescence and incandescence, C'ertain distinguishing hcatures s(cem to 
characterize the two methods; though, in each instan(*(c, before radiation 
may take phuce it is necessary that energy be contributed to the radia- 
ting systems to bring about the separation of the component parts of 
the ultimate radiators. 

In the luminescent vai)or of a mercury-arc lamp in operation, electrons 
and positive residues of atoms are found in abundance. I aider the 
influcncce of the apjilicd electri(c field, the cle(ctrons move toward the 
anode, the positive residues in the opposite direction. Owing to the 
constant acceleration suiijilied by the field, their velocities attain such 
values that many neutral atoms on which they impact are ionized. 
Following such an impact, there will be two or more additional ions 
subject to the electric field. They may also serve through impacts to 
produce other ions. Along with this process, recombinations will occur, 
and a steady state finally will be reached in which the rate of ionization 
is equal to the rate of recombination. From measurements on the 
ionizing potential of mercury, it appears that the kincti(; energy which 
the electric field must contrftiutp to an electron in order that it may 
ionize a neutral atom is nearly three hundred times as great as the 
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average kinetic energy possessed by the neutral molecules of the vapor 
at 0° C. Expressed otherwise, the kinetic energy which a negative 
electron must have in order to ionize a mercury atom is equal to the 
average kinetic energy which the atoms themselves would normally 
have were they at a temperature of about 80,000° K, The inability of 
mere thermal impacts at ordinary temperatures to produce ions and 
the need of electrical means are evident. In accord with this conclusion, 
attempts to obtain luminescent radiations from mercury vapor, argon, 
nitrogen and hydrogen through heating the gases or vapors to a tempera- 
ture of 3200° K. gave negative results. It is to be emphasized that 
originally the energy which is radiated is supplied electrically, and that 
in magnitude it is huge in comparison with the energy associated with 
ordinary thermal agitation of the molecules. 

The sources of the energy of ionization in the sodium flame, in the 
fluorescence which may be seen when uranium glass is exposed to the 
ultra-violet radiation from a (juartz-meniury arc, and in many other 
cases of luminescence, can be traced in a similar manner. Obviously 
in the cases specified the energy supply is chemical or radiational. In 
line with the tendency to explain chemical forces and radiation on an 
electrical basis, these sources may be considered as truly electrical, as 
is the mercury-vapor arc. 

One general characteristic has been emphasized in the luminescence 
of the mercury vapor. It is the fact that the temperature of the vapor 
has little or no effect on the separation of the parts of the ultimate 
radiators or on the energy which they radiate. This is probably equally 
true of all cases that are strictly luminescent. 

The Supplying of Energy to the Ultimate Radiators in Incandescence. 
— In the case of an incandescent lamp filament electrically heated, 
the original source of the energy is the electric current. The method 
whereby the resistance of the filament operates to make it manifest as 
heat has already been described. Most of the heat thus developed in 
such a filament is transmitted by radiation and conduction from the 
interior to the surface layers from which it is radiated into space. 

As in luminescence, the ultimate radiators in incandescence are 
probably (1) pairs of free electrons and positive residues of atoms recom- 
bining to form neutral atoms or (2) partially ionized neutral atoms 
readjusting themselves to their normal stable conditions. In both 
types of radiation the agents creating the ultimate radiators are (chiefly 
electrons. In luminescence these electrons have velocities which are 
directly dependent upon the electric field in whi(*h they are located and 
not upon the temperature of the surrounding gas or vapor. In incan- 
descence the reverse is true. Within metals, as has been noted, atoms 
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the order of 8 or 10 seconds previous to the complete dying out are 
easily obtained. The great length of time for the full recovery is 
probably associated with some changes other than simple ionization. 
However, it is evident that the radiation occurs at recovery. 

Radiating and Ionizing Potentials. — There are signifi(^ant data 
relating to sodium which illustrate the two types of radiation following 
partial and complete ionization. It has been found that atoms of its 
vapor, when bombarded by electrons that have sj)ecds resulting from 
a passage through potential drops of 2.091 volts and 2.093 volts (2.12 
volts as measured), yield the chara(^tcTisti(^ orange-colored spectral 
lines at 0.5S98/X and 0.5892)Lt. In tliis condition the sodium vapor is 
not ionized and will not support gaseous conduction. When, however, 
the potential drop is changed to 5.111 volts (5.13 volts as measured) 
ionization takes pla(;e, the vapor suj^ports gaseous conduction, and 
many more lines, including one in the ultra-violet at ().2413)u, arc found 
in the spectrum. The lines at 0.5898/i and ().5S92/u follow partial 
ionization; the one at 0.2413m follows comi)lete ionization. Tlie poten- 
tial drops reciuinnl for these effects are called respectively radiating 
and ionizing potentials. Many other radiating potentials for sodium, 
corresponding to some of its other spectral liiK's, are believed to exist, 
but thus far experimental techni<iue has not i)ermitted of th(^ proof. 

The Supplying of Energy to the Ultimate Radiators in Luminescence. 
— In the further discaission, a distinction will be drawn between lumi- 
nescence and incandescence. C'ertain distinguishing fc*atures seem to 
characterize the two methods; though, in each instanf‘c, before radiation 
may take place it is necessary that energy be contributed to the radia- 
ting systems to bring about the separation of the component parts of 
the ultimate radiators. 

In the luminescent vapor of a mcrcuiy-ar(r lamj) in operation, electrons 
and positive residues of atoms are found in abundancjc. Under the 
influence of the applied electric field, the electrons move toward the 
anode, the positive residues in the opposite direction. Owing to the 
constant acc(*leration supplied by the field, their velocities attain such 
values that many neutral atoms on which they impact are ionized. 
Following such an impact, there will be two or more additional ions 
subject to the electric field. They may also serve through impacts to 
produce other ions. Along with this process, recombinations will occur, 
and a steady state finally will be reached in which the rate of ionization 
is equal to the rate of recombination. From measurements on the 
ionizing potential of mercury, it appears that the kinetic energy which 
the electric field must contrfl)uke to an electron in order that it may 
ionize a neutral atom is nearly three hundred times as great as the 
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average kinetic energy possessed by the neutral molecules of the vapor 
at 0° C. Expressed otherwise, the kinetic energy which a negative 
electron must have in order to ionize a mercury atom is equal to the 
average kinetic energy which the atoms themselves would normally 
have were they at a temperature of about 80,000° K. The inability of 
mere thermal impacts at ordinary temperatures to produce ions and 
the need of electrical means are evident. In accord with this conclusion, 
attempts to obtain luminescent radiations from mercury vapor, argon, 
nitrogen and hydrogen through heating the gases or vapors to a tempera- 
ture of 3200° K. gave negative results. It is to be emphasized that 
originally the energy which is radiated is sup)plied electrically, and that 
in magnitude it is huge in comparison with the energy associated with 
ordinary thermal agitation of the molecules. 

The sources of the energy of ionization in the sodium flame, in the 
fluorescence which may be seen when uranium glass is exposed to the 
ultra-violet radiation from a quartz-mercury arc, and in many other 
cases of luminescence, can be traced in a similar manner. Obviously 
in the cases specified the energy supply is chemical or radiational. In 
line with the tendency to explain chemical forces and radiation on an 
electrical basis, these sources may be considered as truly electrical, as 
is the mercury- vapor arc. 

One general characteristic has been emphasized in the luminescence 
of the mercury vapor. It is the fact that the temperature of the vapor 
has little or no effect on the separation of the parts of the ultimate 
radiators or on the energy which they radiate. This is probably equally 
true of all cases that are strictl}’’ luminescent. 

The Supplying of Energy to the Ultimate Radiators in Incandescence. 
— In the case of an incandescent lamp filament electrically heated, 
the original source of the energy is the electric current. The method 
whereby the resistance of the filament operates to make it manifest as 
heat has already been described. Most of the heat thus developed in 
such a filament is transmitted by radiation and conduction from the 
interior to the surface layers from which it is radiated into space. 

As in luminescence, the ultimate radiators in incandescence are 
probably (1) pairs of free electrons and positive residues of atoms recom- 
bining to form neutral atoms or (2) partially ionized neutral atoms 
readjusting themselves to their normal stable conditions. In both 
types of radiation the agents creating the ultimate radiators are chiefly 
electrons. In luminescence these electrons have velocities which are 
directly dependent upon the electric field in which they are located and 
not upon the temperature of the surrqunding gas or vapor. In incan- 
descence the reverse is true. Within metals, as has been noted, atoms 
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arc ionized with case. Thermal imp)a(;ts serve not only for the formation 
of free electrons but also for the distribution of their velocities. Ther- 
mionic emission experiments seem to show that their velocities vary in 
direction and magnitude just as though they were the molecules of a 
perfect gas, with kinetic energies on the average equal to those for any 
perfect gas at the same temperature. If the frecjuency of radiation and 
the energy radiated depend on the severity of tlie impacts resulting 
in partial or complete ionization and in recombination, the radiation 
from a large* group of radiators must elepend on the temperature of the 
free elee^trons; that is, the temperature of the solid. This dependtuicy 
upon the tcmj)eraturc in incandescence stands in striking contrast to 
the dependency on the electric field in luminescence. 

Formation of Bright-line and Continuous Spectra. — The source of 
the radiation in the mercury- vapor lamp scenis bound up with the 
motion of an electron or several of them with respect to the remainder 
of an atom. In (^ase sut^li atomic sources are not otherwise disturbed, 
radiations consisting only of c,ertain definite frecpiencics naturally 
result. Freedom from these extra disturbances might be expected 
where the ultimate sources arc separated widely from one another and 
not affected by neighboring atoms, as in a gas. In accord with this, the 
spectra of ordinary arc sources are of the bright-line type. Usually, if 
not always, such spectra ani independent of the temi)erature of the 
source .and are, therefore, ascribed to luinin(\s(;en(‘.e. 

The ultimate sources of radiation in an incand(\scent solid, unlike 
those of a gas, arc greatly subject to the effect of nc'ighboring atoms. 
Moreover, the; severity of the impacts, resulting in recombination of free 
electrons and atomics residues, varies widely in ac(a)rdaiice with the 
distribution law for the velocities of the atoms and the free electrons. 
A natural conse([uencc is a great variation in fnapioncy for the different 
ultimate sources, with, howTver, a tendency to group about some par 
ticular frequency as I he most common. A continuous sf)ectrum results. 

In an electric dischargei through a gas under a low pressure, the 
spectral lines, as stated, are for the most part sharp and practically 
limited to single frcquciKicis. Increasing the pressure and bringing the 
ultimate sources close to neigliborihg atoms and their disturbing in- 
fluences tend tow\ard less sharjmess in spectral lines and toward greater 
ranges of frequencies on cither side of the frequencies characterizing 
the undisturbed source. Gradual increases in the pressures to which 
gases ar(i subjected tend gradu.ally toward the prodiudlon of continuous 
spectra like that due to highly he.ated liquids and solids. From this 
point of vi(^w, tfjmperature fadiation and luminescence represent two 
extremes of fundamentally the same type of radiation. 
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Too mu(ih emphasis must not be placed on this apparent connection. 
For instance, though the radiation from the firefly is apparently con- 
tinuous throughout the visible spectrum, it certainly is not due to 
temperature, to any noticeable extent — at any rate not to the extent 
that one would be led to expect b}^ considering pure incandesc^ence and 
pure luminescence as extremes of the same type of radiation, and all 
other radiations, as mixtures of thesci extremes. 

PROBLEMS ON PHYSICS OF LIGHT PRODUCTION 

1. Find deviations of the ed^^os of ilio visildo radiation in firstK)rder 

spcotriirn for a frratinK having 4000 Iin(‘s per cm. 

2. Assume, Jis is customary, 3 X 10’“ cm. per sec. to ])e the velocity of light, and 
compute the frequencies m source's of radiation which will give the various wave- 
length limits of 'J al)l(i 1. 

3. Compute the freipiencv for a 4r)0-meter radio wave, compare with the audio- 
frequency of Middle C, and state the niimluT of waves of one affecti^d by the other. 

4. Given that th(' charge carried by an electron is 4.774 X 10-i“e. s. units, the 
change in t he a-v(‘rag(' kinidic energy of a molecule of gas for each degree of ehange 
in temp('rature is ‘i.OoS X 10-’® ergs, and the “effective temperature’^ of electrons 
just capable of ionizing iiK'rcury va])or is SO, 100° K. Ckimpute (1) the amount of 
kinetic energy that a,n (‘lectron must have in order to ionize a mercury vapor atom 
on impact and (2) the ])()tential ditTcrence (i.e., ionizing ])otential) through which an 
electron must pass in onh'r to attain the necessary kinetic energy. One e. s. unit of 
potential cipials 300 volts. 
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LIGHT SOURCES 

Black and Non-black Radiators 

[A. G. Worthing] 

Black Bodies. — Incandescent bodies are conveniently classed as 
black bodies and non-black bodies. The former essentially represent 
standards by which all real non-black bodies are judged. 

A black object, as ordinarily conceived, is an opaipie object that 
reflects but little of the light that is incident on it. It is a good ab- 
sorber of light. The black body of physics is the Umit in blackness of 
all black objects. It not only absorbs all visible radiations but also 
all infra-red and ultra-violet radiiitions. No completely black sub- 
stance is known; platinum-black, one of the nearest approaches, has 
a reflectivity of about 1 per cent. 

The closest approach to the ideal is a relatively large cavity at a 
uniform temperature, with opaque walls having a small ofiening for 
observation purposes. Any radiation incident on this black body, 
through the small opening, will be almost completely absorbed, no 
matter of what material the walls may be composed. The great di (Ter- 
ence between its blai^kness and that of lamp-black, for instance, is quite 
apparent when the simple (iomparison test is made. 

Non-black Bodies. — All real bodies are non-black bodies. They 
range from the almost black, platinum-black and lamp-black, by an 
infinite variety of steps, to freshly polished silver, which absorbs only a 
few per cent. The exact percentage absorbed depends not only on the 
nature of the incident radiation, but also on the temperature of the 
body, the condition of its surface, the angle of iniiidcnce, the nature of 
the surrounding medium, and certain other less important conditions. 
As a consequence, there are not only the differences of color of ordinary 
objects, but also the changes of color that any one object undergoes on 
heating or when lighted from various directions. This complexity is 
partly responsible for the meagerness of knowledge regarding materials 
at high temperatures. 

Black Bodies versus Non-black Bodies as Radiators. — A generaliza- 
tion of experience states that* all bodies in an opaque enclosure of 
uniform temperature finally attain the temperature of the enclosure. 
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Granted this, it may be shown that a black body, in addition to being 
the best absorber of radiation, is also (excluding luminescence) the best 
emitter of radiation. 

In an enclosure of uniform temperature, suppose a black body and 
an imaginary non-black body of the same size which radiates energy at 
a greater rate than the black body when at the same temperature. It 
is evident that in the course of time the non-black body would become 
cooler than the black body since it could not compensate for this greater 
rate of emission by absorbing radiation at a greater rate than the black 
body, for the black body absorbs all radiation incident. Since this 
would mean an equilibrium state in which there would be a difference 
in temperature, a condition contrary to experience, it follows that such 
a non-black body cannot exist, A black body may be defined, therefore, 
not only as one that possesses a zero reflection-factor for all wave- 
lengths of radiation, or a 100 per cent absorption-factor for all wave- 
lengths, but also as one that at any temperature, in consequence of 
temperature radiation, radiatc^s energy at the greatest possible rate. 

Kirchhoff’s Law. — Kirchhoff^s law expresses the relation that must 
exist between the power possessed by a body to absorb incident radia- 
tion and its power to emit radiation in consequence of temperature. 
In a qualitative manner its truth is easily demonstrable. A piece of 
broken crockery with a decorative pattern, heated to incandescence 
over a gas flame in a dark room, for instance, shows an unmistakable 
connection between the powers of emission and absorption. The darker 
portions of the pattern as ordinarily viewed arc then noticeably the 
brighter. Those portions that arc good absorbers of light show them- 
selves, when heated, to be good emitters. This effect is not due to a 
change in the (karact(*ristics of the pottery or the painted design, for 
if the hot i)ottery is illuminated relatively strongly the different parts 
of the pattern will reappear with their (customary colors and relative 
brightnesses. 

The exact statement of the law may be obtained from an extension 
of the reasoning of the prec^eding section. Suppose a piece of cast iron 
and a black body arc placed in an opaque, constant-temperature en- 
closure maintained at 1000° K. In time these bodies will assume the 
temperature of the enclosure. At 1000° K., the emission rate for a 
black body is 37.3 watts per sq. cm. This, therefore, is also the absorp- 
tion rate as well as the rate of incidence of radiant energy on its surface. 
Owing to uniformity of conditions in the enclosure, this is also the rate 
of incidence of radiation on the piece of cast iron. The cast iron, 
however, will absorb only 29 per cent of this or at a rate of 10.8 watts 
per sq. cm. Reflection will account for the remainder, namely 26.5 
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watts per sq. cm. In order that this method of partition of the incident 
radiation may not disturb the constant temperai-iire equilibrium, the 
rate at which the cast iron must radiate energy will also be 29 per cent 
of 37.3 watts per sq. cm. or 10.8 watts per sq. cm. In general terms, 
for any given temperature, .the radiation rate per unit of area for a 
non-black l:) 0 (ly, E^j is (Mpial to the ])roduct of the (corresponding rate 
for a black body, Eb, and the total absorptivity (that is, the absorption 
factor for the entire spectrum) of the non-black body for the black- 
body radiation, at. In equation form, Kir(chhoff\s law is: 

E„ = atEb. 

This law is very fundamental. It is the basis of all theoretical 
deductions regarding in(*andescence. It state's that any body which 
is a good absorber is iilso a good radiator and in just the same pro]X)rtion. 
Thus, contrasting (carbon and tungsten, carbon is a better absorber of 
radiant energy than tungsten and, th('refore, it radiatecs energy at a 
greater rate at anj^ definite temperature than dex's tungsten. 

Since all opaque bodie's n'flect what they do not absorl), gexxl refle(*tors 
(that is, i)Oor absorbers) an' p(X)r radiators and vi(*e versa. 

The fact that certain b()di('s are go(xl radiators of energy indicates 
nothing r(cgarding tlx'ir desirability as light sources. Conclusions as 
to desirability as light sources from this point of vi('w^ are not. justifiable 
without further considerations. 

Emissivity and Reflectivity. — The ratio EJEbj giving the nJatIve 
intensities of the radiations from non-black and ])lack bodies at the 
same t(cmi)(cratiir(', is usually calk'd the t(^tal ernivssivity or total emissive 
pow^r of the non-black body, ct. In ac(*ord witii picsent (conc(cptions, 
the t(crm ‘‘emissive powc'r,^' wdiich s(‘ems lo be going into disuse, is an 
esp(H*ially (kcscript.ive t('rm. Thus, in tla^ inh'rior of an o|)a(iue body 
having a constant t(‘mperat.ure throughout, as may Ixc shown, l)la(*k- 
body conditions exist,. Ihidiations in unchanging ra,t('s are emitted, 
reflected and absorbed. Th()S(c wdiich an' near tlie surface a,nd in 
motion tow\*ird the surface anc acted iqxm by the surface laycers in such 
mann(U’ that only a portion are able to escajx' into the surrounding space 
and form the radiation emit ted by the opa(|ue iKxly. As a measure of 
the property or power of the surface layers to ket these radiations 
through, the term “ emissive power ” s('cms esi)('cially fortunate. 

The definition given for total emissivity, in conjunction wuth the 
statement of Kirchhoff’s law, shows numerical e(iuality between total 
emissivity and total absorptivity, i.c.. 
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Thus, using the results quoted in the preceding section, the total emis- 
sivity of cast iron at 1600° K. is 0.29 which means that its rate of radia- 
tion of energy per unit surface area is 29 per cent of that for a black 
body at 1600° K. Since the radiant energy which is not absorbed by 
a non-black body must be reflected, the total reflectivity of the non-black 
body is r/, where 

rt = \ — at = 1 — et. 


These values of n and tt/, but not e/, strictly refer to values obtained 
when the incident radiation has the spectral distribution of black-body 
radiation having the same teiiiporature as the non-black body in ques- 
tion. Thus, cast iron at 1600° K. absorbs 29 per cent and reflects 71 
per cent of the radiation from a black body at 1600° K.; but, if the 
radiation imddcnt comes from a black body at 3000° K., noticeably 
different numerical values arc realized. Since the emission of radiant 
energy by cast iron does not depend on incident radiation, the value 
for the emissivity at 1600° K. is fixed. 

Spectral Absorption, Emission and Reflection. — Similar reasoning 
applied to various monochromatic radiations yields similar results for 
the radiation at any wave-length. Thus (1) at any specified tempera- 
ture, a black body radiates energy at a greater rate per unit of area in 
any limited wave-length region than does any non-black body; (2) at 
any specified temperature, the rate of radiation of energy per unit of 
area by a non-black body in any limited wave-length region, En\i is 
equal to the product of the corresponding rate for a bla(^k body by 
the spectral absorption factor of the non-bla(;k body ax, that is 


and (3) 
and 


EnK — a\E\] 


ax = ex 


rx = 1 — ax = 1 - ex, 


where ex and rx are the sj)ectral emissivities and the spectral reflec- 
tivities for radiation of wiive-length X. Analogous to total emissiAnty, 
spectral emissivity of a substance n'prescnt-s the ratio of tlie radiation 
intensity of the sijbstan(*e at a given wave-length to that for a black 
body. Values for ax and rx concern incident radiation of wave-length 
X and therefore do not depemd upon the spectral distribution of the 
incident radiation as do ax and rx. The quantities ax, ex and rx vary 
with the wave-length, and it is necegsarV to specify the actual wave- 
length in any particular case by writing, for instance, Cq.?,*, ro.?;*, etc. 
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Variations with temperature occur also, though they are ordinarily 
much less pronounced. 

Illustrative Data. — Consider curves a and 6, Fig. 6, spectral energy 
curves of tungsten and black-body radiation at 2450° K., approximately 
the normal operating temperature of the 40-watt vacuum tungsten 
lamp. 

By definition, the ratio of the area under curve a to the area under 
curve h is the total emissivity for tungsten at 2450° K. In abso- 
lute units, the radiant flux from a black body at 2450° K. is about 
205 watts per sq. cm., that from tungsten about 50 watts per sq. cm., 
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Fig. 6. Spectral Distribution Curves for Radiant Fluxes from 

а. Tungsten at 2450° K. 

б. lilack Body at 2450° K. 

c. Black Body at 2500° K. 

and the total emissivity of tungsten about 0.27. This ratio changes 
with temperature. In accord with what has been said, tungsten at 
2450° K., when exposed to black-body radiation corresponding to curve 
fc, absorbs 27 per cent and reflects 73 per cent. 

Spectral emissivities are also illustrated in Fig. fi. The spectral 
emissivity at O.Sg for tungsten at 2450° K. is the ratio of the ordinate 
of curve a at O.S/i to the corresponding ordinate of curve b. At this 
wave-length it is about 0.37; at 1.2/x about 0.31; at 2.0// about 0.26. 
In accord with the foregoing, tungsten at 2450° K. will absorb about 
37 per cent, 31 per cent and 26 per cent of incident radiation of wave- 
lengths 0.8//, 1.2// and 2.0//, and will reflect about 63 per cent, 69 per 
cent and 74 per cent of the incident radiation at the same wave-lengths. 

Gray Bodie,s and Selective Radiating Bodies. — IVo types of non- 
black bodies, gray bodies and selective radiating bodies, are distin- 
guished in practice. 

Gray bodies emit radiations which have the same relative spectral 
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distribution, but not the same intensity as those emitted by black 
bodies at the same temperature. For any given gray body, the spectral 
emissivity does not change with wave-length and is equal to the total 
emissivity. There are probably no real gray bodies. Amorphous 
carbon, however, represents a fairly close approach. 

Selective radiating bodies are those in which the spectral emissivity 
is not constant for all wave-lengths. In each instance, radiation is 
relatively more abundant in certain spectral regions than in others, 
when black-body radiation of the same temperature is taken as standard. 
Fig. 6 shows tungsten at 2450° K. to be selective with emissivities at 
OSfjLj 1.2ti and 2.0^1 equal to 0.44, 0.31 and 0.26. This gradual decrease 
with increase in wave-length also applies to the visible spectrum of 
tungsten by itself. 

Contrasting the selective radiation 'of tungsten with the practically 
gray radiation of carbon, it is found that the color of the light from a 
tungsten filament is somewhat bluer or less reddish than that from the 
carbon filament at the same temperature. C consistent with this, if 
tungsten and carbon arc compared under a condition of illumination 
such that their colors, as objects illuminated by some other source, 
may be compared — a rather difficult but not impossible condition — 
it will then be found that by the refie(;ted light the color contrast is 
just the reverse. 

Following out this viewpoint, one would expect certain effects in color 
lighting to b(' made possible through the selection as radiating bodies 
of those which possess strong color characteristics when illuminated by 
other sour(!es. Unfortunately, the temperatures to which suc.h bodies 
are ordinarily limited prevent the strict utilization of this idea to any 
extent. However, when tlie color discrimination is extended to include 
the ultra-violet and j^articulaily the infra-red portions of the spectrum 
in what might bo here called a ‘‘ super-color dis(;rimination, great 
possibilities are found. 

Opaque and Non-opaque Radiating Bodies. — Non-black bodies may 
also be classified on the basis of opaqueness. All bodies, if sufficiently 
large, are opaque to all radiations. Also, all materials, if shaped 
sufficiently thin, are only partially opaque, and, in general, are opaque 
in varying degrees for different wave-lengths. This latter charac^teristic 
of partially opaque bodies, like the color of material in opaque bodies, 
offers a basis for interesting and important development in light sources. 
Not much headway has been made on this basis from the strict color 
discrimination standpoint. However, it partially accounts for the high 
efficiency of the Wclsbach mantle. Improvement seems possible in 
proceeding definitely on this basis in development work. 
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Black-body Radiation 

Experimental Realization. — Black-body radiation is realized when- 
ever there is an opaque enclosure whose temperature is uniform through- 
out. In practice bhurk-hody radiation is obtained from such an en- 
closure by means of a small hole through its wall. 

The radiation from such an enclosure dej)ends only on its temperature 
and not upon the kind of material composing it. An enclosure of 
carbon at 1000° K. radiates exactly the same as an enclosure of tungsten 
or of gold at 1000° K. This feature is cxtremel}^ important for high- 
temperature measurements employing radiation methods. 

This independence of the material means that an en(;losurc may 
consist of various materials, provided the conditions of opacpieness and 
uniformity of temperature arc comjdicd with, and 
further, that, in case the temperature is such that 
the (cavity is self-luminous, one will not be able to 
distinguish the materials visually by means of their 
radiations. The same is true of objects within the 
cavity. This is finite in contrast with their ap- 
pearan(*e outside such a cavity. In practice, the 
disaj)pearance of detail in an enclosure heated to 
incandescence is a working criteiion to indicate the 
attainment of a uniform temperature. 

The Attainment of Complete Absorption. — In 
Fig. 7, a b(*ain of radiation is represented dia- 
grainmatically as entering a small hole in an (ui- 
closure with a. si)herica], polish(‘d, interior surface*. 
Th(^ change in width of the lines drawn to rej)- 
reseuit the i)a,th is meant to show the* successive 
changes in the intensit}" of tJie beam as it is re- 
flected back and forth. (\)mj)let(' absorption of 
any beam entering the enclosure is (‘vident. J)e- 
])ending on the material of the enclosure*, carbon, 
iron or co])per, the nunibe*r of reflections reeiuireel for its prae*tieail ac- 
complishment ranges from 2 or 3 to pe*rhaps 15 or 20, but the ulti- 
mate effee't is the same. 

Enclosures with eliffusely reflecting surfacejs operate similarly and 
equally effectively in absorbing radiation. 

The Attainment of an Emissivity of Unity. — Conversely, in the 
emission process there is a biu'lding up of radiation so that what is 
emitted from a small opening in (he walls of a uniform-temperature^ 



Illustrating How a 
Beam of Radiation 
Entering a Sniall 
Hole in a (circular 
Fjnclosuro is 1^’inal- 
ly Alrnf)st Com- 
pletely Alisorhed 
in the Enclosure 
(Black Body) and 
conversely, Regard- 
less of the Material 
of the li^iiclosure, 
How its Radiation 
Builds TTp into 
Black Body Tiadia- 
tion. 
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opaque enclosure is black-body radiation. Thus, to that radiation 
which naturally has its source at the surface directly back of the opening 
in the line of sight, there is added by reflection radiation which origi- 
nates elsewhere. Some of it undergoes but one reflection, some two, 
some three, etc. It is built up in much the same maimer that entering 
radiation is absorbed. The number of reflected beams required to 
produce radiation which is practically black differs with the material, 
but the final effect is the same so far as the radiation from the opening is 
concerned. 

Black-body Laws. — Black-body radiation follows certain known 
theoretical laws. Because of this, the temperature of a black-body 
source is always measurable. Temperatures of other sources, particu- 
larly when the temperatures are very high, have thus far been measured 
only in terms of, or by means of, black-body radiation which may be 
in some way conncc^tcd with the lemi)eratures to be measured. 

The laws which have been referred to are Stefan-Boltzmann's law, 


Planck's law, 


E = <Tr\ 



1 


£i 

eX2- - 1 


9 


Wien's distribution law, a valuable approximation of Planck's law for 
visible radiation, 

(7i 


and Wien's displacement law, 

\ T = 

4.9651' 

in which E represents the total rate of emission of energy per unit of 
area and is measured in watts per square centimeter, T the absolute 
temperature in °K., X the wave-length in /i, E\ any ordinate of the 
spectral energy curve in watts per square centimeter per centimeter 
interval of wave-length. the wave-length for which the ordinate of 
the spectral energy curve is a maximum, e the base of the Naperian 
logarithms and o-, Ci and C 2 constants whose respective values in the 
ordinary system of units are approximately 5.70 X 10” watts per sq. 
cm. deg.^, 3.72 X 10“^'^ watts per sq. cm. and 1.433 cm. degrees. 

The Stefan-Boltzmann law states, /or ‘instance, that a black body at 
2000° K. radiates energy at a rate which is 2^ or 16 times as great as it 
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Fig. 8. Spectral lladiant-Flux ('urves for a Black Body at Various Temperatures. 
A 8000" K D 4000" Jv 

B 6000° K E 3000° K 

(" 5000" K F 2000° K 

Note: At tlic right, curves, B, C and D arc shown drawn to t,he same scale. To 
obtain the proper relativ(i values of thc! ordinates, the values obtained from the 
curves B, C, D, E and F at the left must be divided by 3, 6, 15, 50 and 200 
respectively. 

Wien's (Usplacement law shows a characteristic change in spectral 
distribution with change in temperature. It is well illustrated in Fig. 
8. Special attention should be directed to the note accompanying the 
figure. When Jthc curves are di awn to the same scale, as in the upper 
right-hand corner, there are no intersections of one curve with another. 
One can readily sec that an irwrease in temperature is accompanied by 
a shift of the radiation, generally from the infra-red toward the visible 
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and ultra-violet portions of the spectrum. This shift is naturally 
accompanied by a like shift in X«. The quantitative statement giving 
this shift is the law being discussed. 

Shift in the Spectral Energy Curve with Change in Temperature. — 

The shift of the spectral energy and spectral luminosity curves toward 
shorter wave-lengths with increase in temperature is characteristic 
of all radiations due to temperature. Thus, an ordinary incandescent 
lamp, as it is gradually heated up to normal brilliancy, passes through 
the stages of a dull red, bright red, orange and orange-white, while the 
spectral energy curve maximum shifts gradually from the far infra-red 
to the near. For evident reasons, this shift in the spectral energy curve 
is a very important factor in determining the best conditions of operas 
tion for incandescent light sources. 

Luminous Efficiency. — Given the visibility curve and the laws of 
black-body radiation, it is only a matter of labor to obtain the spectral 
luminosity (;urves of a black body for various temperatures. Deter- 
minations of the luminous efficiency of black-body radiation, using the 
luminous and the radiant fluxes thus determined, show that it first 
increases with the temperature, passing through a maximum value of 
about 90 lumens f)er watt at 6500® K., and thereafter decreases slowly. 

The cause for this change is shown in Fig. 8. As the temperature 
increases, starting from some low temperature, the center of the radia- 
tion spectrum shifts gradually from far in the infra-red toward the 
visible, into and through the visible, toward and into the ultra-violet. 
Any process or shift which tends to throw greater and greater portions 
of the energy radiated into the visible spectrum will obviously increase 
the efficiency of the radiation, and any proctess or shift which tends to 
throw greater and greater portions into the ultra-violet spectrum will 
likewise decrease the luminous efficiency. Both processes operate at 
all temperatures; however, below 6500° K., the former is the more 
effective, hence the gradual increase in efficiency; at 6500° K. the two 
shifts are equally effective, hence the passing through a maximum. At 
this temperature the effective center of the spectral energy curve occurs 
at nearly the wave-length of maximum visibility. 

Crova Wave-length. — For each change in temperature of a source 
there is a certain wave-length, the Crova wave-length, for which the 
corresponding luminosity varies at the same rat,e as does the total 
luminous flux. Thus the brightness of a bla(*k body at 5000° K. is 
30.2 times that at 3000° K. As may be verified from Fig. 8, this is 
also the change in spectral brightness at 0.562)ii. For wave-lengths 
longer than 0.562/x the change is not sp gt'eat; for shorter wave-lengths 
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the change is greater. For the particular temperature change the 
average change coincides with the actual change at 0.562)u, which is, 
therefore, the Crova wave-length. The exact value for any source 
changes somewhat with temperature. However, for many purposes, 
it may be considered constant. This assumption is often made in 
computations where api5roxiniatc values arc satisfactory. Using such 
a Crova wave-length and Wien’s approximation for Planc^k’s^ law, it 
is easy to com[)ute the (changes in the luminous flux from a black body 
with change in temperature. The corresponding change in radiant 
flux may be (Computed dire(;tly by means of Stefan-Boltzmann’s law. 
From the two thcire may be obtained by simple division the change in 
luminous efficiency of black-])ody radiation with change in temperature. 

Importance of Black-body Sources. — The imf)ortance of black-body 
radiators as sources of light is not dependent on their inliereiit luminous 
efficiencies as measured in lumens per watt, for non-black radiators at 
the same temperatures are usually more efficient. Black-body radia- 
tors are important as sources, however, in cases where, without regard 
for efficiency, high brightnesses are desired, siiic(‘ for a givem tempera- 
ture the black-body source ((‘xchiding cases of himinesceiKu*) has the 
higher brightness. But most of all, black-body sourcies are of importance 
because they serve as standards following known laws, and, therefore, 
may be, and are, much used in the study of other sources. 

The Sun 

[A. G. Worthing] 

General Characteristics. — Man’s most important illuininant is the 
sun. With a diameter of 1,390,000 km. (805, 000 miles) and a tempera- 
ture far in excess of any sustained tem[)eratur(' obtained in the labora- 
tory, the sun is nevertluiess only moderate in diiiKUisions, temperature 
and brightness wlum compared with other stars of the universe. From 
the standjioint of mankind, however, it is unicpie. Its distance from 
the earth, about 150,000,000 km. (93,000,000 miles), is only 1/270,000 
of that of its nearest neighbor. On account of tlu‘ir nanoteness, these 
other stars, though probably to be 'reckoned by billions, contribute 
inappreciably, in com])arison with the sun, in siiiijilying the earth with 
light and heat. 

In describing the sun, Abbot states in his book, “ The Sun “As 
viewed through the telescope, or photogray)hed, the radiating surface of 
the sun called the photosphere (light sphere), presents a brilliant disk 
covered by indistinct rnottlings sometimes spoken of as the * rice-grain- 
structure.' Objects much less than a second of arc or 400 miles in 
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diameter cannot be well seen on the sun, so that these rice-grains which 
appear . . . from 100 to 500 miles in diameter arc really large areas. 
. . . Generally a few dark patches (only relatively so, since compared 
with terrestrial sources they are still intensely bright) called sun spots 
may be seen, and around them if they happen to be observed near the 
edge or limb of the sun arc found very bright areas called faculac. . . . 
Photography reveals at on(;e, what the eye recognizes less easily, that 
the photosphere falls off in brightness towards the suii\s lirnb.^^ 

At about 5 per cent of the sun\s radius from the edge, the brightness 
is little more than lialf of that at the center. The falling off differs with 
the wave-length, the shorter wave-lengths decreasing more rapidly 
than the longer ones. As a consequence, the edge of the sun appears 
reddish when compared with the central part. 

Surrounding the photosphere is the (chromosphere (color sphere). It 
consists of luminescent vai)ors. Measurements indicate that the 
chromosphere is about 10,000 km. (approximately 6,000 miles) in thick- 
ness. Wheth(}r or not it is separate from the imdccrlying photosphere, 
as is our atmosphere from the solid earth, or whether the one merges 
gradually but rapidly into the other is not known. 

Outside the chromosphere, at times of total solar eclipse, a pearly- 
hued haze, the corona, may be seen, which streams irregularly in all 
directions from the sun as a center and (Extends outward for varying 
distances of the order of one or two solar diameters. The light- from 
tlic corona is due in part to its own high temperature, and in part to 
reflection of light from the photos[)here. The exact nature of the 
corona is still doubtful. However, since the source's of the streamers 
at any time seem to coincide with (centers of eruptions on the sun^s disk, 
its origin, as well as its sha])e, is probably diuc in large measure to explo- 
sive ejections of matter from the more dense portions. The tre- 
mendous violence of these cruj^tions produces prominences which are 
soiiK^times tracea))le outward for distances e(iual to a tenth and some- 
times even a third of the sun\s diameter. 

A further idea of the magnitude of these phenomena may be gained 
from the fact that many sun sjiots arc siiflieiently large to take in at 
one time several bodies of the size of the earth. 

Brightness. — The intensity of the sun's radiation over its disk varies 
greatly. The maximum values of illuminations at the earth due to the 
sun, taken in connection with its size and distance, lead to a value of 
candles 

about 200,000 :r for its brightness. This is about 15 times that 

cm." 

of the crater of the open carbon arc. , (See Table TI.) 
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TABLE II 

Temperature, T; Color Temperature,* Tc\ Brightness, B\ and Luminous 
Efficiency, E) for Various Light Sources 


Source 

Tin 

“K. 

Tc in 
•K. 

_ . candles 

B in 

sq. cm. 

E in 
lumens 

watt 

Sun — outside of eal■ih^s atmosphere 





measured 


6500 

200,000 

100 

computed 


6500 

224,000 

113 

at horizon 



'600 


Clear sky (average) 



0.4 


Black body at 6500° K 

6500 

6500 

294,000 

90 

4000° K 

4000 

4000 

24,350 

52.2 

Arcs 





Searchlight arc 



50,000 to 70,000 


Crater of solid carbon arc ! 


3766 

16,000' 


Tungsten arc 

3055 

3800 

5,560 


Flaming arc (white) 




23 

Hg-vapor arc (glass) 



2.3 

14 

Moore CO 2 tube 



0.1 


Incandescent lamps ! 





900-watt tungsten moving-picture 





(as operated) . 

XJoOt 


2,700 


(in open space) ... 

3290 

3220 

2,630 

27.3 

1000 -watt gas-filled tungsten. . . . 

2990 

2980 

1210 

20.0 

500-watt gas-fillcd tungsten 

2930 

2920 

1000 

18.1 

100 -watt gas-filled tungsten .... 

2760 

2740 

579 

12.9 

40-watt vacuum tungsten. 

2465 

2515 

203 

10.0 

2 . 8 -w. p. Nernst 


2400 

258 


2 . 0 -w. p. c. Tantalum 


2260 

53.1 

5!o 

2 . 0 -w. p. c. Osmiutn 


2185 

60.8 

5.0 

2 . 5 -w. p. c. Gem. . ... 


2195 

78 1 

4.2 

3.1-w. p. c. Treated carbon 


2165 

70.6 

3.4 

4 -w. p. c. Untreated carbon 


2080 

54.9 

2.6 

Flames 





Acetylene (as a whole) . . .... 


2380 



(one spot) 


2465 

6 7 


Mees burner . 


2360 

10 8 


Gas flame — Bat's-wiiig 


2160 

0 4 


Candle shape 10 cm. high. 


1875 



Kerosene — Flat wick 


2055 

1.27 


Round wick 


1920 

1 51 


Candle — Sperm and paraffin . . 


1925-30 

0.5 


Hefner 


1880 



Pentane — 10 cp. standard 


1920 


• • « . 

Welsbach Mantle . 

•1900 


5 

12 


• See piiKe 90, 

1 Approximate. 


Temperature. — PiStimations of the sun’s temperature have been 
based upon the intensity and the spectral character of its radiation. 
The estimates usually assume the radiations to Ixj due to temperature 
aJone and in fact to agree either in intensity or distribution with that 
from a black body at the same temperature. 
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The use of the Stefan-Boltzmann fourth-power law is simple. Meas- 


urements by the Smithsonian Institution have yielded 1.932 


calories 


for 


cm.-' mm. 

the solar constant, the rate of the impinging of the sun^s total radiation 
on a surface normal to it at the earth’s orbit. This combined with the 

fourth-power law, with 5.70 X 10“^ cm ^^dg ^ empirical constant, 

has led to 5770° K. This value represents a lower limit. 

How Wien’s displacement law, which deals with the shift with tem- 
perature of the wave-length, X«, at which the radiation intensity is a 
maximum, and Planclc’s law, which deals with the spectral energy 
curves, are applied is shown in Fig. 9. These two methods yield approxi- 
mately 6500° K. and 7200° K., respectively. 

Efficiency of Solar Radiation. — Given the solar maximum illumina- 
tion oiiLsidc the earth’s atmosphere and the solar constant, simple 
computation shows the luminous efficiency of the sun’s radiation to be 

about 100 • This is slightly greater than the maximum efficiency 
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Fic 3. 9. Spectral Energy Curves for 


A. A Black Body at 7000"’ K. (computed) 

B. A Black Body at 0200° K. (computed) 

C. The Sun. (observed) 


of black-body radiation, 90 


lumens 

watt 


The explanation of this difference 


is indicated in Fig. 9. The spectral energy curve of the s^in differs from 
that for a black body at 7000° K. (approximately that corresponding 
to the maximum luminous efficiency of bfack-body radiation) but little 
in the infra-red and in the visible region. However, at the blue end of 
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the visible spectrum where the visibility of radiation is low and in the 
ultra-violet where it is zero, the sun’s spectrum is greatly reduced. The 
effect is an approximate brightness quality, though the radiation in- 
tensities arc quite different and are such as to give the increased effi- 
ciency to the sun’s radiation. 

It is an interesting filet and possibly significant in the evolutionary 
development of the human race that the wave-length of maximum visi- 
bility, 0.55 Gm, does so nearly coincide with the wave-length of the maxi- 
mum in the sun’s spectral energy curve plotted on a wave-length basis, 
consideration being taken of the enveloping atmosphere. 

Spectrum. — The central part of the sun always shows dark lines 
across an otherwise (;ontinuous spectrum. As the edge is approached 
the contrast between thes(^ dark linos and the continuous background 
decreases. At the edge itself is the bright-lined spectrum of the chromo- 
sphere. The dark liiKis in the spectrum of the center are only relatively 
dark; at those wave-lengths radiation is i)resent, but not to so great a 
degree as at the neighl^oring wave-lengths. 

By (comparing th(‘ dark lines of the sun’s spectrum with bright-lined 
spe(!tra obtained in th(‘ laboratory, one may form some (ionclusions as 
to what elements exist in th(^ sun’s chromospliere. These spectra, for 
instance, show unmistakable evideiu.'e of the existc^mte of iron in the 
sun’s chromosphere or reversing layer,” as it is oft(ui called when its 
activity in producing th(^ dark lines is Ix'ing (considered. Many com- 
mon elements have been detected in the sun, ainong them H, Ca, Fe, Ba, 
Na, Mg, Mn, T, Sr and Cr. These eleiiKuits in vapor form, at (extremely 
high temperatures in the chromosphere, partially or completely ionized, 
absorb from the radiation from the [diotosphere those wave-lengths 
which the elements themselves are capable of radiating and reradiate 
them, with various frec^ucncies, not in the direction in which they were 
proceeding before their absorption, but in all directions; hoiKce the ap- 
parent lack in certain wave-lengths. The gradual change in intensity as 
the edge of the sun is approatched and the bright-lined spectrum of the 
chromosphere at the edge are due, as already sugge^sted, to the gradually 
increasing effective thickness of the outer absorbing and scattering 
layer. 

Type of Radiation Emitted. — A direct connection has been noted 
betw’een certain solar and terrestrial phenomena, viz., aurora and 
magnetic storms. These as well as certain spectral evidence point to 
the surface of the sun as the seat of tremendous electromagnetic dis- 
turbances. Probably, therefore, an appreciable part of the radiation 
is due to luminescenc^e. If sc), the explanation of the continuous char- 
acter of the spectral energy curve is in part to be ascribed to the high 
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pressures experienced in the photosphere. It is evident also that a 
great portion of the radiation has a strictly thermal origin. 

Source of Energy Radiated, — One of the great mysteries, until 
recent years, has been the means whereby the sun has been able to 
maintain its high temperature but little changed during past geologic 
ages despite the present staggering radiation’ loss of 3.8 X 10^ watts 
(a rate representing the melting of 300,000,000 cubic miles of ice per 
second) which must have been kept up throughout. Geologists have 
demanded a sun that should maintain the earth’s temperature roughly 
constant for 50,000,000 or 100,000,000 years. Until recently, physi- 
cists, assuming that the energy was due to the change of potential 
energy into kinetic energy which accompanied the gradual shrinking 
of the radiating mass, have admitted of a considerably lessened interval 
for the period of approximately constant incandescence. However, the 
discovery of radioactivity and of the relatively immense amounts of 
energy that may be released by intra-atomi(‘ changes seems to render 
plausil)le the continuous supply demanded by ge^ologists. 

Note. — In die followiiits; sections on pia, electric; inciindcscent and vapor tube 
lamps, A. G. Worlhinji: lias coiitributcnl portions on the physics of light production. 

Illuminating Gas and Other Flame Sources 
[II. Lyon] 

According to tlic nature of their radiations, flame sources are classed 
as luminescent or incandes(;ent. The luminescent class contains many 
individual types; but, possibly be(;ause the effects which can be ob- 
tained b}^ them may usually be obtained more satisfactorily otherwise, 
for instance by the flaming arc, very little use is made of them for 
illumination purposes. For the use that has been made, reliance has 
usually been placc*d on their great color possibilities. In this connection, 
flames burning salts of sodium, potassium, calcium and other alkali and 
alkaline cfirth mentals arc most valuable. Their spectra are always of 
the bright-lined tyi)e. While luminescence in flames is usually ascribed 
to chemical action, in a more specific way it is ascribed to the recom- 
bination of olc(;trons and ionized atoms and to the return to equilibrium 
of atoms following electrical impacts between them and other electrons, 
ionized atoms and neutral atoms. It is well known that flames are rich 
in ions. 

Sour(;cs of the former class inedude most, if not all, that were used 
for illumination purposes up to the advent of the commercial electric 
arc, among them the oil lamps of the ancients, the candle and kerosene 
lamp, as well as the more recent ones using coal gas, Pintsch gas, car- 
buretted air gas and acetylene. 
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A little over one hundred years ago, Murdock in England first pro- 
duced gas by destructive distillation and made a test of lighting by 
gaseous fuel conducted through pipes. At first, the combustion process 
was not understood, as it was thought to be something that involved 
the gas alone rather than its union with air, and so grave fears were 
entertained as to the possibility of storing the gas in holders to be 
delivered variously through piping to burner outlets. 

Illuminating gas produced by destructive distillation is a complex of 
many different gaseous compounds, together with the elementary gas, 
hydrogen (II), and some inert nitrogen (N). It is produced by the 
destructive distillation of almost any organic; comj^ound, notably coal, 
with a good measure of volatile ingredients. 

Constituents. — Bodies of the 

1. Paraffin scries, as Methane, Ethane, Proi)ane, Butane, etc. 

2. Olefin series (unsaturatod) as Ethyleiu‘, Proi)ylenc, Butylene, etc. 

3. Acetylene seri(*s, as Acetylene, Allylcnc, Crotonyhnie, etc. 

4. Benzene series, as Benzene, Toluene, (‘te. 

Carbon monoxide and sulphur arc also const ituents of coal gas. 
The larger pc^rcjcmtagc of tli(‘ constituents of coal gas are normally 
gaseous bodies, but some, as pentane, butylene, benzeuH; and toluene, 
readily condense to liquid form at low temperature or moderate pressure. 


TABLE JIT 

Sample Analysis of (Jas (T^eu Cent Volume) 



c;oai 

Water 

(C^urburetted) 

H (hydrogen) 

47 04 

.32.4 

CO (carbon monoxide) ... 

8 04 

30.7 

CH4 (methane) .... ... 

30 02 

13.9 

CflHc (benzene) . 

5 

.6 

Heavy hydrocarbons, ethylene, etc 

4 2.5 

12 8 

Higher parallins 

0 00 

2.4 

CO2 (carbon dioxide) 

J 0 

2.7 

0 (oxygen) 

..39 

.70 

N (nitrogen) 

2 16 

3.8 


Coal gas is manufactured from coals having a rather large percentage 
of volatile ingredients as, for example, 17 to 35 per cent. According to 
the volatile portion, a ton of coal will yield from 9000 to 13,000 cu. ft. 
of gas. In general, coals that arc classed as bituminous are suited for 
the manufacture of coal gas. 

Manufacture. — In the manufacture of coal gas, coal is placed in a 
retort capable of being hermetically closed and subjected to external 
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heat to drive out volatile ingredients in the form of gas, tar, water 
vapor, etc. The residue is coke. In fact, illuminating gas is a by- 
product of coking when the primary object is the manufacture of coke 
for use in smelting furnaces. 

Whether coal gas is to be used for heating or lighting, it must be puri- 
fied in order to be freed from tar, sulphur, ’etc. As the process of 
purifi(*ation is similar to that used for water gas, a description of methods 
of purification will be given m connection with the discussion of water 
gas. 

Water-gas Manufacture. — A rating of illuminating gas that desig- 
nates its heating power is expressed in British thermal units, which 
expression is commonly abbreviated to B.t.u. A British thermal unit 
designates a perfectly definite quantity of heat, namely, the quantity 
of heat required to raise the temperature of 1 lb. of water 1° F. A 570 
B.t.u. gas is one that by burning 1 cu. ft. will raise the temperature of 
570 lbs. of water 1° F. A 2()-caiidlepower gas is one which by burning 
at the rate of 5 cu. ft. hour in an oix^n-flamc burner will give 20 
candles in a horizontal direction. 



Water gas is manufactured from anthracite coal, 30 lbs. of coal 
yielding about 1000 cu. ft. of gas. The coal is introcjuced into a generator. 
Fig. 10, and is kindled as a coal fire. Air is forced into the generator until 
the entire mass of coal is glowing. Then the air is shut (xff and steam is 
forced through the mass of hot coals. This is known as the ''run.'' 
In the lower part of the generator, wgitci^is decomposed into hydrogen 
(H) and oxygen (O), and an atom of carbon (C) takes up two atoms of 
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O, forming carbon dioxide (CO 2 ). In the upper part of the generator, 
CO 2 + C forms two molecules of carbon monoxide (CO). CO and H 
pass on into what is termed the carbureter. 

Such a mixture would burn with a blue, non-luminous flame and be 
of rather low heating value, about 300 or 350 B.t.u. It would not be at 
all suited to give light in an open-flame burner. To give it a higher 
B.t.u. value and render it capable of producing luminosity, about 4 
gallons of oil per 1000 cu. ft. of gas are sprayed into the carbureter and 
the vapor passes along with the gas over a mass of heated bricks. Car- 
buretted water gas has a B.t.u. value of about 650 and burns with a 
luminous flame. 

In the carbureter, the oil is broken up into various hydrocarbons 
by a process known as cracking.^’ From the carbureter, the gases 
pass on into a second chamber known as a “ superheater.^^ This latter 
also contains hot bricks but is of somewhat lower temperature than the 
carbureter. The object of this process is to fix the form of the various 
gaseous and semigaseous bodies. If too great heat were applied in the 
superheater, hydrocarbons would be broken up into C (solid) and H, 
and the heat and illumination values would be lessened. 

The coal in the generator is quickly cooled by the steam. A run 
lasts but a few minutes and must be followed by a “ blow.” That is, 
the original process of forcing in air to bring the coal again to a glow 
must be repeated and this in turn must be followed by a second run, 
and so on until the mass of coal is used up. The bricks in the carbureter 
and superheater are kept hot by forcing air in at intervals. The oxygen 
of the air in combination with gas again raises the temperature of the 
bricks to a glowing condition. 

Purification. — From the superheater, the gas passes through a tube 
into a wash box, the tube terminating under wat(ir. Thus the gas is 
cooled and in a measure freed from tar. Thence the gas passes into a 

condenser ” for further cooling and further tar removal. The con- 
denser is fitted with tubulai- passageways arranged to be surrounded 
with water. The gas then enters a scrubber, which is a chamber fitted 
with trays or slats that expose large surfac;es to passing gas. In the 
scrubber still more tar is removed along with light oils. Thence the 
gas passes into a relief holder (merely a gasometer) and following this 
to a specially designed (P. and A.) tar extractor. Now the gas is 
forced along by an exhauster into a purifier filled with trays carrying 
shavings impregnated witli hydrated iron oxide, for the removal of S, 
which is accomplished through a sort of catalytic ac^tion on H 2 S. From 
the purifier the gas passes into the well-known holder for storage and 
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transmission. When oils are high in price, it is a common practice to 
supply to consumers coal gas or coal gas and water gas mixed. 

There is a marked general movement at this time to remove the 
legislative requirement for a specific candlepower gas and substitute a 
B.t.u. standard. Such gas would not be suited to an open-flame burner, 
as it is deficient in hydrocarbons. 

Other gases employed in illumination are: 

1. Acetylene produced by the action of water on calcium carbide 
(CaC 2 , formed in the electric furnace by the reaction of coke and CaO). 
The reaction is as follows: Ca (^2 + H 2 O = CaO + C 2 H 2 . 

2. Blau gas, manufactured from oil. 

3. Producer gas, made by passing a limited amount of air over hot 
coal and necessarily containing N as a part of its (composition. Acety- 
lene is excellently adapted to isolated plants. Vaporized gasoline is 
also supplied to burners in isolated plants and burns as a gas to produce 
mantle incandescence. 

Only gases known as hydro(‘arbons yield free C on burning and only 
such gases give appn'ciablc light. In each case, light production is a 
conseciuencc of the breaking down of the hydrocarbon fuel while in a 
gaseous state and the formation of carbon particles which, previous to 
their ultimate oxidation, radiate because of their high temperature. 
To put it in another way, the illuminating powcer of gases when used in 
the open flame is due to the incandescence of particles of C freed from 
their combination and floating through the flame where they are finally 
consumed at the border on reaching a supply of setcondary air. In 
conformity with this, hydrocarbon flames give continuous s|)ectra and 
match in color almost pc'rfectly with black bodies at suitably chosen 
temperatures. 

Structure of a Hydrocarbon Flame. — A visual insi)ection of the 
flame of an ordinary candle shows a structure (Fig. 116) characteristic 
of most, if not all flames of hydrocarbons burning in air. Four distinct 
regions are to be st^en, viz.: (a) a faint, thin, blue (mclosing sheath; 
(6) a large, bright, yellow-white dome; (c) a large, dark space; and (d) 
a bright, blue, thin layer between the outer sheath and the dark space. 
Exact counterparts of these are found in the luminous Bunsen flame 
(Fig. 11 c). In the non-luminous Bunsen flame (Fig. 11 d), however, 
there is no counterpart of the large, yellowish- white dome. By the 
gradual opening of the air vent of the Bunsen burner, it. is readily seen 
that the portion (d) of the luminous flame is identical with the inner cone 
of the non-luminous flame. Since the non-luminous Bunsen flame is 
a luminescent flame, this transformation shows in a significant way 
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the relation of the two types of flames to one another. In all incan- 
descent flames there are associated many strictly luminescent radiations. 

The products of combustion are H2O, CO2 and N, the N being merely 
an atmospheric associate of O. Exactly what processes occur in various 
portions of the flames is not surely known, though the general plan is 



Fig. 11. Flame Structure. 


certain. In the dark space, fuel streams upward and outward and is 
gradually heated on the way to the flame boundary. On the way and 
to some extent after passage through the flame boundary, the more 
complex hydrocarbons of ordinary coal gas, for instance, break up into 
simpler hydrocarbons, such as methane and acotykme, and into free 
hydrogen and free carbon. At the lower outer edge of the dark space, 
the temperature is sufficient to bring about this decomposition cjf fuel. 
The oxygen of the air, which diffuses in, reacts here directly with the 
fuel in gaseous form and gives only a luminescent spectrum, the visible, 
bright blue radiations of which are associated with the forming of CO. 
Higher up, the (\arbon set free collects into small particles which, in 
consequence of their own oxidation Of the energy set free by the oxida- 
tion of the other breakdown products af)out them, are raised to in- 
candescencie and radiate energy into the surrounding space. As sources 
of radiation, they act like ordinary solid carbon heated to incandescence. 
As they are carbon, their radiation is only slightly different from black- 
body radiation and is subject to the same general variation with tem- 
perature. Originating in the same region, however, there are also 
luminescent radiations corresponding to the oxidizing of the breakdown 
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products which have retained a vapor form. They are comparatively 
very weak, however, and, moreover, are of such frequency as to be of 
little effect visually. In the outer sheath, oxidation to CO 2 and H 2 O 
takes place for the remaining fuel. The color of this sheath is associated 
with the transformation of CO to CO 2 , since the formation of H 2 O is not 
accompanied by visible radiation. 


TABLE IV 


Approximate Volumes of O and N and of Air for Complete Combustion 
OF One Volume of Gas 


Flame OnnatituentH 

Air 

Total Products (Volumes) 
per Cu. Ft. Gas 

Total 

Products 

Gas 

0 

Na 

CO^ 

IlaO 

Na 

CO.- 

h 

i 

2i 

1 


2 

3 

C2H4 . 

3 

12 

15 

2 

2 

12 

16 

C2H2 ... 

2i 

10 

I2i 

2 

1 

10 

13 

CH, .. 

2 

8 

10 

1 

2 

8 

11 

H, . . 

i 

4 

2^ 


1 

2 

3 

C.H. . 

7J 

30^ 

37| 

0 

3 

30 

39 


Relative volumoB of air and products in 
bumlDK 1 volume of CO. II ^ 
respectively 

1 1 a 

I = N-h l Wal 


war^- Ho2 »2 I = H + |~ V 2 I 






Ainirx Vnl All 



n(4 rianii. T.n 

Btn 

for BnrniDO 

11 . 

= 

1 

272 

2'< 

CO 

Ck'h' 

= 

1.07 

3!)0 

2H 

=1 

1.0« 

3674 

87^ 

FjT 

= 

1.20 

1477 

18 



1.02 

1610 

16 


Table IV and Fig. 12 show the approximate number of volumes of 
O 2 and N 2 , and coiiseciuently of air, required to burn one volume of each 
of several gases. One 
cu. ft. of CO, for ex- 
ample, would recpiire 
I cu. ft. of oxygen for 
complete (combustion 
and approximately 4 
times as much nitro- 
gen would be carried 
along with the oxy- 
gen. The volume of 
nitrogen would be 
more exactly 3.76 
times the volume of 
oxygen required, but 
the factor 4 is used 
for simplicity of illus- 
tration. The quantity 
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8674|j 
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+ 
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— 




Fig. 12. Relative Volumes of O, N and Products In- 
volved in Burning One Volume of Certain Gases. 
Volumes are proportional to areas. 


of air needed for complete combustion 'is more nearly 4.8 times the 
quantity of oxygen required. 
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Several conditions favor luminosity of the open flame: (1) flame 
temperature, (2) carbon content of the gas, and (3) manner in which the 
hydrocarbons are broken up. 

Flame Temperature. — The actual temperature of a flame depends 
upon: 

(a) The number of heat units resulting from union with oxygen of 
the air; 

(b) The dampening effec^t due to the heat absorbed in raising the end 
products to a higher temperature; 

(c) Radiation of constituents; 

or in other words, on the nature of the fuel and the conditions of burning. 

H 2 O vapor, N and CX )2 have a marked dampening effect. N is the 
serious drag on flame temperatun?, for it is present in the air in the 
proportion of four volumes to one of oxygen, and is in no degree a 
producer of heat but must/ be raised to higher temperature by the other 
gases which in burning do produce heat. The oxy-hydrogen or oxy- 
acetylene flame firn^ly illustrates possibilities in flame temperature 
without the incubus of N. 

The determination of flame temperatures is very difficult. The 
results are rather discordant, though for luminous hydrocarbon flames 
they are miudi l(‘ss so than for the non-luminous hydrocarbon flames and 
other flames generally. 

A method of measurement often used involves a knowledge of the 
heat product^l and absorbed by the j)roducts of combustion. An in- 
spection of Table V shows th(‘ lint' of reasoning involved in (;alculating 
relative flame temperature when the relative amount of lieat produced 
and the amount absorbed by the products of combustion of equal 
volumes are known. 

The fractions rei)rcsenting the ndative rise of temperature per B.t.u. 
multiplied by the related li.t.u. values for the gases will give the relative 
rise of temperature. 

It may be understood that the values of relative rise of temperature 
in Table V arc only illustrative and are based on the assumption that 
specific heats as given are uniform'.for a wide range of temperature, 
which is far from the fac^t. True flame temperatures arc given in 
Table VI. 

Table VI shows for a number of gases the B.t.u. values (low), flame 
temperatures K.), and the relative (approximate) rise of temperature 
given by simple calculation. Low ’’ value as applied to B.t.u. signifies 
the amount of heat yielded combustion exclusive of that returned 
by condensation of water vaix)r. 
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TABLE V 

Relative Quantities of Heat Absorbed in Heating One Volume of Products 
1® F. and the Total Relative Heat Absorbed by the Products of 
Combustion in Burning One Volume of Specific Gases. 






Relative lle&t Absorbed by Products of Com- 

products 

Rel. Wt. 
of Equal 
Volumes 

Specific 

Heat 

Roi. irt. 

Absorbed per 
Ecjual Vol. 

bustiou of the Following, per 1® F. Rise 
in Temperature' 



CaTr4 

CH4 

CO 

Cilh 

Ha 

CeHa 



Na 

28 

.24 

6 72 

80 C 

53 7 

13 44 

67 2 

13 44 

201 6 

HaO . . 

18 

475 

8 .55 

17 1 

17 1 


8 5 

8 5 

25 6 

CaO.... 

44 

201 

8 8 

17 6 

8 8 

8 8 

17 6 


52 8 

Total relative liont tib-Horbed in poniplolo comlnis- 







tion by nil tl)o procJiirt.s (approxiniato) for 1 vob 







unio of gas 




110 7 

SO 5 

22 5 

04 4 

22 2 

283 4 

(A) Henprocal of bent absorbed — - relative rise of 


1 

80.5 



1 

22 2 

1 

283 4 

temperature per 1 H.t.u. 


TIF7 


{»n 

(B) Heat produced — H.t. u. (bow) 


1510 

010 

330 

1477 

272 

3574 

Product A X R 



12 0 

n 4 

14 7 

15 6 

12 3 

12 6 

Ilelative fapproximato) rise of fomperat ure 

1 12 

1 

1 28 

I 36 

1 07 

1 10 


VI 


Certain 

Gase.s 

Heat Producoil per Cu. 
Ft. H t u ’.s (low) 

Approximate Relative 
Ri.se of Temp 

Flame 

Temp. “ K. 

CO 


1 28 

2100 ° K. 

C 2 H 4 

1510 

1 12 

2000 

caie 

3574 

1 10 

2016 

C 114 

910 

1 00 

1850 

H, 

272 

1.07 

1960 

C 2 H 2 

1477 (P) 

1.36 

2130 (Lava tip 
burner) 

Coal 

4S0-f>50 


1880 (Rat’s wing 
burner) 

Water 

45(M>00 


2000 


In round numl)(Ts one may take as the ayerage luminous flame 
temperature 1925° K. for the caiufle and 2000° K. for the kerosene 
lamp. 

In contrastinji; hydrocarbon fuels, it is found that acetylene gives the 
highest temperature. This agrees wjth "Table VII, which shows that 
its heat of combustion per unit volume of combustion products is the 


50 


LIGHT SOURCES 


greatest, 1.09 of vapor 0.93 for coal gas and 0.82 for 

methane, the principal hydrocarbon constituent of coal gas. The im- 
plied relation does not necessarily hold true when there are differences 
in the cooling action of the radiating luminous particles in the relative 
amounts of CO 2 and H/) formed, hence in the heat conduction and 
convection losses, and in the concentrations of the flame for a given rate 
of energy consumption. Some measurements indicate, for instance, 
that the temperature of a Bunsen flame is lowered over 150 degrees on 
choking off the air supply. In this decrease the effects of all three con- 
siderations just mentioned are combined. Only for the same conditions 
of burning is an increase in heat combustion for different fuels neces- 
sarily accompanied by an increase in flame temperature. 

Carbon Content and Lamp Efficiency. — The relative carbon content 
of gases, assuming reduction to CH4 and free carbon atoms, is expressed 
by a formula 



which shows what fractional part of the carbon atoms are freed and 
become available for incandescent sources in the luminous flame. In 
the formula C and H express the relative numbers of C and H atoms 
in a molecule of gas under consideration. 

Applying this formula, the carbon indices for a number of hydro- 
carbon gases, liquids and solids vary from 0 for methane (CH 4 ) to 0.821 
for anthracene (C 14 H 10 ). 

If an index is less than 0.30, the flame has poor luminosity; if greater 
than 0.40, the flame is smoky (without special means of introducing 
air). A case of the latter is kerosene (C 10 H 22 ) whose index is 0.45. 
Smoking is prevented by draft-inducing chimneys. 

The lamp efficiency of a hydrocarbon fuel and the device in which 
it is burned, taken together as a source, depends on the relative num- 
ber of carbon particles liberated on heating and on the temperature 
to which these particles are heated. • To some extent, the former factor 
is opposed to the latter. In any flame source, there is always a great 
loss of energy through other means than temperature radiation, the 
principal ones being those of convection and conduction. Other 
things being the same, the greater the number of carbon particles, the 
greater will be the portion of the energy supply which will be radiated 
by the incandescent particleai This consideration points to a high 
carbon content as a desirable fuel characteristic. Other things being 
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Lamp 

Efficiency 

in 

Candle 
Hrs. per 
Kilocal. 

CO QO • lO O ^ QP 

SU : : S 

oo • oooo^o^ o 

Illuminating Value in 

Candle 
Hrs. per 1. 
of End 
Products 

»00 • • M3 

C3 kO op ^ on to 9 ^ 

S5 : jissssiz: : o 

Candle 
Hrs. per 5 
Cti. Ft. 
Fuel 

5 2 

38 7 

325 

68 5 

123 

240 

350 

930 « 

16 0 

Carbon Content 

Index 

Poor 

Luminosity 
Non-smok- 
mg and 
Luminous 

Smoky 

Flame 

o>ocor^O>oaoookOkOQO os 

O «M CO CO 'O oo o « 

by 

Weight 

»00«-<<Meoift»otOcc>«M«M'^ 

r'-ciOooooaOaDaOcpaoosOsos 

Calorific Value in® 

Kiloeal. 
per Liter 
of End 
Products 

818 

841 

826 

838 

940 

888 

1 090 

8T8 

900 

885 

.850 

Kilocal. 
per Gr. 
of Fuel 

12 05 

11 30 

10 3 

10 35 

11 50 

10 85 

11 65 

9 50 

9 30 

28 6 

10 7 

Vol. End 
Products 
(X of Air 
included) 

Vol. Fuel 
Vapor 

10 56 

18 2 

79 5 

187 

15 33 

30 66 

12 45 

37 35 

59 4 

2 89 

1 6 50 

Dens. Vapor 

Dens, Air 

554 

1 049 

4 9 

11 7 

975 

1 94 

912 

2 70 

4 43 

069 

39 

.42 

9 

3 

CQ 

aoooH-ijc«ooo^-3r^o o 

Formula 

WM W ffi CCK W ^ 

C'tnwmxNMvMas.H * 

uuuuooooouuux 

Fuel 

Methane 

Ethane 

Propane 

Butane 

Pentane 

Kerosene 

Paraffin 

Ethylene 

Butylene 

Acetylene 

Benzene 

Naphthalene 

Hydrogen 

Coal Gas 
(High grade) 

J 
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the same, the higher the flame temperature within certain very hig h 
limits, the greater will be that portion of the radiation which occurs 
within the visible limits. The temperature of a flame, as already noted, 
decreases with an increase in the number of carbon particles liberated 
per unit volume of the dissociated vapor. In that a greater number of 
carbon particles per given volume means a greater rate of loss of energy 
by radiation and consequently a reduced temperature, this considera- 
tion points to a low carbon content as a desirable fuel characteristic. 
The temjDerature and the carbon content factors are thus somewhat 
opposed to each other. In practice, some sort of medium carbon 
content is, therefore, desirable. 

Illustration of the influence of carbon content and temperature is 
shown to some extent in Tabic VII, in which data for the principal 
constituents of coal gas arc given. As already explained, the column 
headed caloriflc value in kilocalories per liter of (combustion products 
gives an approximate indication of flame temperature. The column 
headed carbon content, gives, in a rough way, the nclativc number of 
carbon particles formed. However, since the valuers given for illumi- 
nating value and (efficiency represent (,he most favorable conditions of 
burning for each fuel, tine carl)on (‘onteni as giveen is not a true index for 
the flames for which efficiencies are given. The carbon (content given 
represents a maximum whi(;h may be greater than tlu^ effective content 
due to aerating the gas. Ro far as a (*omparison of the (efficiencies of 
the gaseous fuels, CH4, Cyio, f^4H8, C^2H2 and ('2H4, neglecting the slight 

difh^rence between C2H4 
and C.^Hs, is concerned, 
the gradual increase in 
efficiency might be due 
to either a gradual in- 
crease in carbon content 
or to a gradual increase 
in temperature. The 
temperature factor ex- 
plains, however, the 
small difference in effi- 
ciency between C2H4 
and 04113 as well as the large difference between C2H2 and Celle. For the 
reason given in the note to Table VII regarding naphthalene, the con- 
clusion that (Jne might otherwise draw regarding naphthalene is not 
well founded. Unfortunately, sufficient precise data of the type shown 
in Table VII are not at hancf foreshowing the deleterious effect of too 
high carbon content. This effect, however, has been shown in a candle- 
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Fig. 13. The Candlcpower of Flumes Burning Mix- 
tures of Acetylene and Hydrogen in Air Using a 
Brass-tip Burner Without Air Vents. 
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power test in which acetylene vapor previously mixed with hydrogen 
was used with a metal slit burner. Fig. 13 shows the results for vary- 
ing percentages of mixtures. Starting with approximately zero candle- 
power for a 15 per cent acetylene flame, there was a gradual increase in 
candlepower with increase in the acetylene content up to about 55 
per cent. With further increase in acetylehe content there was a 
gradual decrease in candlepower. For an 85 per cent mixture, the 
candlepower was only two-thirds of the maximum. At these higher 
percentage mixtures, the flame becomes smoky, the temperature having 
been so lowered that not all of the fuel is consumed. For the present 
consideration, the point to be emphasized is that, after a 55 per cent 
acetylene, 45 per cent hydrogen mixture is reached, increase in carbon 
content due to a further increase in acetylene richness, even though 
accompanied by a greater calorific value per unit volume of combustion 
products, results in a decreased total luminosity and lamp efficiency. 

Available Free Carbon at Any Given Moment. — A cubic foot of 
C 2 H 4 and a cubic foot of C 2 H 2 have the same weights of C, and con- 
sequently the same nuinber of C - atoms lire concerned in the reactions 
at any given moment when burning at ecpial rates. The candlepowers 
of the gases (burned in oiKm-flame burner) are as 13.7 to 48. The flame 
temperatures of C 2 II 4 and of vary as 1 to 1.17, which by the laws 
of black-bod}^ radiation should give for the U 2 H 2 flame seven or eight 
times as mu(jh light as for the ( ' 2 II 4 flame. But as the (candlepower of 
C 2 H 2 is little less than four times that of C2TI4, one must conclude that 
more C particles are free and incandescent in C 2 H 4 or that the C particles 
are free and incandescent for a longer period of time. In C 2 H 2 , mole- 
cules may keep the form (TI4 to the border of the flame and thus not 
exist as free C particles for more than an inconceivably short period of 
time. 

Fuels and Burners. — There are many types of burners. In the 
candle, the wick is the burner. In addition to bringing the fuel to the 
flame by capillary action, it serves to keep the flame away from the 
large body of fuel to sm^h an extent that only sufficient energy is lost 
to liquefy it and thus prepare it for its transfer by capillary action. 

Kerosene lamps are extensively used, particularly in country homes. 
The burners used in these lamps are simple and require but little dis- 
cussion. The chimney and air vents control the air supply, protect 
from drafts, and to some extent preheat the incoming air. Kerosene 
has a high carbon content, and without the chimney tends to smoke. 
Even with the chimney it must be burned in a narrow flame in order 
that the oxygen of the air may rapidly, pefletrate the vapor and cut down 
to a considerable extent the formation of carbon particles by direct 
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oxidation of the freed carbon atoms before they have opportunity to 
exert much cooling effect by radiation. An optimum adjustment of 
wick height for maximum illuminating power occurs in each lamp. 
The standard illuminating power for kerosene burned in a common 
flat flame is about 1100 candle-hours per gallon, measured normal to 
the flame. The luminous efficiency of 0.035 candlc-hours/kilocalorie 
is roughly twice that of the ordinary open coal-gas flame. 

The open-flame burner using illuminating gas has practically dis- 
appeared as a light source, having yielded to the much more highly 
efficient and steadier Wclsbach mantle and the electric incandescent 
lamp. The former (iandlepower ” specification for coal gas is giving 
place to one relating to heat content. The burners for open gas flames, 
whether constructed of metal or of lava, are essentially limited to three 
types. In the bat-wing burner, the gas issues from a narrow slot and 
forms a thin sheet of flame of much higher candlepower than one result- 
ing from gas delivered through a round opening. In the fish-tail 
burner, two circular streams of gas meet at an acute angle and on igni- 
tion likewise spread out into a thin sheet of flame. In the Argand 
burner, parallel cylindrical jets of gas issue from a number of openings 
arranged in a circle and on ignition form a cylindri(;al flame enclosed 
by a glass chimney. The air for combustion is supplied from the 
bottom of the burner. 

Acetylene light sources rose to considerable prominence in the early 
years of automobile lighting. The production of a(*etylene for town 
lighting was also started but its use now seems to be limited to a small 
number of more or less isolated dwellings and hotels, to miners^ lamps 
and navigation buoys. The burners used with acetylene are usually 
lava tips with air vents. The tip is provided with jet openings that 
distribute the gas streams at such an angle as to make one stream abut 
upon the other and thus produce a flat flame. For practical purposes 
they are small Bunsen burners with air controls permanently fixed in 
such a way that the flames burn without smoke and at their maximum 
efficiencies. Due to its very high temperature, the effi(;iency of the 
acetylene flame is relatively high, 0.125 candle-hours/kilocalorie. It 
is somewhat better than that obtained with the Welsbach mantle in an 
ordinary coal-gas flame. Commercially, however, this advantage is 
more than offset by other considerations.’ 

Pintsch gas is obtained from the destructive distillation of petroleum. 
It contains largely methane, CH4, along with some heavier hydro- 
carbons. Compressed in tanks from 8 to 14 atmospheres, it has been 
largely used for railway, lighthoiase and buoy purposes. Used with a 
Welsbach mantle, its efficiency is greatly increased. 
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Carburetted air gas consists usually of a mixture of air with a veiy 
volatile gasoline and is most conunonly employed where the use of other 
artificial gas, natural gas, or electric lights is not possible or convenient. 

.When burned in open-flame burners, coal and carburetted water gas 
of 450 to 650 B.t.u. value give varying candlepowcrs ranging from 2.4 
to 4 per cu. ft. of gas consumed. This light-giving power may be 
increased six or more times by burning the gas in a Bunsen burner 
(blue-flame, n on-luminous) and introducing solid substances, other than 
C, that give radiation selectively in the visible spectrum. 

Among solid substances having favorable radiating characteristics 
are the oxides of the rare earths, as erbia, yttria, lantliana, ccria and 
thoria. These substances, furthermore, may be formed in light masses 
with considerable tensile strength and their composition is stable at the 
high temperature of the Bunsen flame. 

The Incandescent Gas Mantle. — About forty years ago. Dr. Karl 
Auer von Welsbac^h (Vienna) discovered quite accidentally that oxides 
of the rare earths possess the characteristics named. In examining 
the spectrum of erbium, he conceived the idea of saturating a cotton 
thread with a solul3lc salt of erbium and then burning out the organic 
material, thus leaving an oxide for spectral study. lie was surprised 
to find on introducing the thread into the Bunsen flame that when the 
organic mattc^r had ])urn(*d out, a cohenmt replica of the original thread 
remained and glowed brilliantly in the Bunsem flame. This was the 
inception of the modern incandescent g:is mantle. 

This discovery was followed by efforts to produce a cylindrical or 
conical form by saturating loose fabric of appropriate shafK' for susj^end- 
ing over the Bunsen flame, and then burning out the organic matter. 
First results were not ])romising in the amount of light produced. 
Erbia as a radiating material gave only about twice as much light as 
could be produced by burning the same amount of gas in the open flame. 

After Dr. Auer discovered the light emissivity of the erbia filament 
and its coherency, he investigated other bodi(\s of the rare earth group 
and finally formed mantles containing ceria, lanthana and zirconia. 
The first commercial mantles wcire of such conqx)sition. These gave 
only 2^ to 3 times the light obtained by burning gas in an open flame. 
Considering the high price of these first mantles, the results hardly 
justified the expenditure. Furthermore, these/ mantles had a fatal 
defect: they became soft through the action of CO 2 and H 2 O, much as 
quicklime slacks with the elements. Further investigation led to the 
development of eeria-thoria mantles which were altogether superior in 
every way, in structural qualities, permanence, and emissivity in the 
visible spectrum. This discovery marked the beginning of a profitable 
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mantle industry throughout the world. Although these results were 
obtained by empirical methods, the selection of materials has been 
shown by careful scientific investigation to be the best possible one, 
considering present knowledge of suitable compounds and combinations. 

Mantles of today give about six times the light obtainable by burn- 
ing gas in the open flaine, and contain about 1 per cent Ce02 to 99 per 
cent ThC)2. They radiate energy in the portion of the spectrum that 
includes wave-lengths well suited to illumination. An ideal mantle 
material, provided it possessed sufficient strength and permanence, 
would be one emitting luminous radiation only, and of spectral distribu- 
tion best suited to the eye. 

Ce02 (ceric oxide), when heated alone to a high temperature, has 
high emissive power in the visible portion of the spectrum, but it also 
has high emissivity in the infra-red i)ortion of the spectrum. A mantle 
made of pure Ce02, because of its high eunissivity, in general, cannot 
approach the temperature re(|uired to give high emissivity in the visible 
spectrum. By its high heat-radiating (piality, it ket'ps itself relatively 
cool. In consequence of this quality, a mantle made of CVO2 is a poor 
light-giver. Th02 (thorium dioxide) has an emissive power that is in 
a sense complementary to that of (.'e02. It is a poor heat radiator and 
of low emissivity in general. In consecpience of this fact, when a mantle 
of Th02 is placed in the flaine of a Bunsen burner, it reac^hes a tempera- 
ture only 130° C. below the temperature of the flame, which is about 
2100° absolute. Howc^ver, Th02 would not make an efficient light 
radiator because it emits so little energy in the luminous form. 

If a mantle composed of C\^02 and Th02 in about the proportion of 
1 part to 99 be heated in a Bunsen flame, the preiionderance of Th02 
will give to the structure a very high temiierature. C'eOo, to be sure, 
is a drag on this temperature, but its mass is so small that it cannot 
prevent the attainment of a very high temperature' in the combined mass. 
At the temperature of the combined oxides, C)e02 gains high emissivity 
in the visible spectrum, which it could not attain without the aid of 
Th02. Any gain in the temperature at about 2000° K. results in a 
remarkable increase in emissive power in the visible spectrum. This 
increase varies as the eleventh or twelfth power of the temperature for 
the luminous rays, but only as the fourth power for the total radiation. 
Luminous radiation of a very small mass of ('002 at high temperature 
is far greater than that of a large mass at lower temperature. Accord- 
ingly, mantle material so (combined has the maximum luminous efficiency 
that is, the maximum efficiency in the production of radiations of wave- 
lengths between 0.4/x and 0.7/x.^ In departing from the proportion of 
Ce02 to Th02 either way, there is a loss of candlepower of the mantle. 
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Lessening the proportion of Ce02 beyond a certain point results in 
insufficient radiating surface. Increasing the Ce02 beyond a certain 
amount results in lowered temperature, because of the large radiating 
power of Ce 02 . 

A body serving the purpose of Th02 is termed a “ base ”, and Ce02 is 
designated a “ colorant 

Mantle weight per unit of surface has such an important bearing on 
luminosity as to merit consideration. 

Structure. — It would be desirable from the structural point of view 
if mantles could be made much heavier, but if this were done, there 
would be a marked falling off in eandlepower. Heavier strands in the 
finished mantle may be made by giving heavier saturation to webbing. 
These strands will not only be heavier, but of larger diameter and surface 
according to saturation, and will thus have larger capacity for receiving 
and radiating energy in the form of light and heat. As the amount of 
energy in a given flamei is fixed, it is evident that larger radiation would 
result in lower flame temperature and consequently in a marked loss 
of luminous efficiency. If, on the other hand, saturation were made 
lighter, smaller fiber surface and consequent limited radiating area 
would result in loss of luminous and heat radiation even though the 
luminous efficiemey might be liigh. Furthermore, such a mantle would 
be structurally weak. 

A(;cordiiigly, thon^ is a mantle of critical efficiency in respect to weight 
of mantle material per scpiare unit of surfa(;e, as well as a mantle of 
critical composition with 1 i)art C-eCb to 99 parts Th() 2 . 

Tlie signifi(;aiice of flame temjMU’ature in relation to the output of 
light from mantles may b(' shown by a single illustration. CH 4 and 
CO give flauK' temperatures that ])ear the relation of 1 to 1.14, while 
the B.t.u. values of th(\se gases vary as 919 to 330. If a mantle could 
be supplied with an equal numb(‘r of B.t.u. by use of these gases, the 
efficiency of tlic^ light output from 01 X 4 and CO would be related as 
to 1.14’’ or as 1 to 4.2; that is, somewhat less than three times the con- 
sumption of CX) compared with that of CII4 would give more than four 
times as much light. 

Making a Mantle Suitable for Use in the Bunsen Flame. — First, an 
appropriate thread is knitted into continuous lengths of tubular web- 
bing. The thread (‘ommonly used is of a high-^rade long-fiber cotton, 
or ramie, or of a manufactunHl pure cellulose thread, formerly termed, 
from its appearance, artificial silk, but now called glos. ’ The first two 
fibers are vegetable cells and consequently tubular. Ramie fiber is 
obtained from China grass. * * 

Glos thread is made of strands of very fine cellulose of indefinite 
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length, each strand being essentially a rod in contrast to the tubular 
structure of the first two named. The treatment of these various 
webbings differs in certain particulars, because of the nature of the 
materials. 

The following description will apply particularly to cotton webbing. 
It is of the utmost importance in mantle manufacturing that all the 
material and processes give a final structure of pure Ce 02 and Th 02 . 

The various treatments of webbing arc carried on in a manner to 
remove every trace of oil and of mineral matter from the webbing in 
order to insure purity to the ash remaining after the cotton fiber is 
burned off. A finished mantle is seriously deficient in structural and 
light-giving qualities if it carries impurities such as silica or lime. 

Impurities in mantle materials lead to the following results : 

1. Loss in luminous efl[iciency, due to the introduction of unfavorable 
radiants; 

2. Loss in candlcpower, due to shrinkage which results in decreased 
radiating surfac^e; 

3. Loss in physical strength (mantles containing impurities become 
britthO ; 

4. Loss in continuity of surface. (Si02, CaO, etc., cause the mantle 
ash to fuse, leaving holes.) 

Results obtained in purifying webbing show approximately 0.01 per 
cent impurity; absorbent (cotton has four times this amount of impurity. 

Distilled water is used in all washing and rinsing processes, and pure 
chemical reagents must b(i employed. Even the air entering rooms 
where some of the processes are carried on is forced into the room 
through a copious spray of water, to remove dust. 

The various treatments of webbing in preparation for saturating 
with rare-earth salts have for their object the removal of oils and the 
various mineral ingredients contained in all organic fibers. 

Alkaline and acid treatments at once occur to chemists as a natural 
method of procedure. It is also readily appreciated that all reagents 
must be eliminated after each treatment l)y copious rinsings with dis- 
tilled water, and whizzing. The final whizzing operation is followed by 
steam drying, performed in such a way that the webbing is kept well 
ironed out. 

After saturating in properly proportioned solutions of Ce and Th 
nitrates, webbing is cut into convenient lengths for drying. This 
drying process is conducted with great care to insure a final even dis- 
tribution of salts. Finally, webbing is cut into short lengths appro- 
priate for specific mantles. Various operations are involved in pre- 



BURNERS 


59 


paring mantles for shaping processes and for final use on burners. 
Cords of asbestos are used for mounting on rings and for shirring upright 
mantles. 

Forming of mantles in the blast flame is carried on by operators who 
have acquired great skill in this particular art. Gas and air supplied 
to blast flames are filtered to be free from dust! Formed and hardened 
mantles are dipped into a solution of collodion to protect them from 
harm in packing and shipping. Finally, mantles are trimmed to length, 
mounted, inspected and packed in individual boxes for shipment. A 
finished mantle is a replica of the original fabric reduced in size and 
evened up in shape. 

Every fiber and even the very cellular structure is rep)eated in the 
distribution of the rare-earth oxides. When cotton and ramie fibers 
arc used, the forms are cellular; when glos is used, the ultimate forms 
are tiny rods. 

Burners. — While the original Bunsen burner was in general labora- 
tory use when Dr. Auer made his famous discovery, significant improve- 
ments in the devicie have been accomplished in the past few years. 

The original form is familiar to all; a base with hose attachment and 
passage leading to an upward-directed orifice; a cylindrical tube 
mount(id on the base in the axial line of the gas jet, this tube liaving 
openings or air ports on the two opposite sides and a (covering collar 
perforated to register with air-port openings and by rotation to control 
the admission of air. Tlie original laboratory burner was long and 
clumsy and so were the earlier forms of burners for lighting. A first 
marked improvement was a l)ase with a series of minute perforations 
covered by a similarly perforated disk actuated by a diaphragm, the 
rotation causing varying degrees of closure of the orifices and thus 
effecting a regulation of the flow of gas. This modified burner was 
much shorter than tlie earlier burner and permitted shaping to a comely 
device. 

All the earlier lighting burners directed the gas stream upward while 
many recent forms dirc(!t the stream downward. The former have come 
to be known as upright burners, and the latter as inverted burners. 
Mantles as originally used were simply suspended over the flame by an 
appropriate support. 

It is evident that a mantle suspended in a fljfmc cannot possibly be 
hotter than the flame, and the upper limit of temperature for the mantle 
would naturally be the temperature of the flame. A mantle cannot 
possibly attain the temperature of the flame because of its tendency to 
radiate. A body, to reach the temperature of the flame, must have 
zero ernissivity. However, in the selection of material for a “ base/^ 
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small emissivity is desirable to enable the colorant ” to be brought 
as nearly as possible to the tciinperature of the flame. It is evident that 
improvements in the incandescent burner must be directed toward a 
better selection of materials for mantles or better transmission of heat. 
The latter object has been .attained through improvements in burner 
design, directed primarfly toward larger entrainment of primary air. 
It is evident that a mantle in a flame having an admixture of air ap- 
proac^hing the amount required for complete (combustion behavc^s 
precisely as though it had a higher temperature. That is, the lumines- 
cence goes up rapidly with increased air entrainment. Large air en- 
trainment insures a final combustion within the meshes of a mantle. 

Best results in incandescence of a mantle are secured by such an 
adjustment of gas and air flow as to bring thc^ outer border of the flame 
just to the mantle surface; that is, to fit the flame volume to the mantle. 
Adjustment is a matter (jf experience and is readily acquired. Regula- 
tion of gas flow and air flow is provided for in some way in most burners, 
although a burner very re(‘ently designc'd has remarkabk* performance 
through a wide range of pressures and cpiality of gas without any pro- 
vision for regulation other than that offered by the frict/ion of flow of 
gas through an orifice. 

In this latter burner, the flame fits the mantle by reason of provi- 
sion of openings in the mantle itself for an overflow of hot products 
of combustion. 

If a buriKT is under-adjusted (Fig. 14), the hot outer zone of combus- 
tion does not. reach the mantle surface and the luminosity is very low. 
If over-adjusted, a mantle has dull iricandes(cence because a portiem of 
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Adjiisiracnt of Fkinic to Mantle. 


the heat is (kdivered wholly outside and away from the mantle surface. 
A maximum result in temperature is secured when hot, imburned gases 
are consumed within the meshes of the mantle. 

It would be highly desirable from the standpoint of luminous (»fficien(y 
if a higher air percentage could be effected through a larger entrainment 
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of primary air. This is physically possible through modifications of 
burner structure. A Bunsen burner gives a flame consisting of an 
inner and an outer cone. The inner cone marks the border of the region 
of unburned gas. The outer cone marks the border surface at which 
the gas is totally consumed. 

If gas were sup[)lied with air in the quantity required for complete 
combustion, these separate zones would disappear and burning of a 
vivid character would occur at the very point of exit if the latter were 
very small, or flaineless combustion would take place. What, then, in 
ordinary practice determines the boundaries of the inner and the outer 
cone? The translational velocity of the mixed gases at the zone border 
is exactly (jqualed by the rate at which the combining of molecules of 
gas and air travels ba(;k toward the burner. This rate of travel of the 
combining process is called the explosion rate. A flame is a form 
resulting from a balance of these velocities. 

If more air is forced into the air port of a Bunsen burner, both inner 
and outer cones shorten, because the larger proportion of air to gas 
increase's the explosion rate. If still more' air is forced in, a point will be 
reached at which the explosion rate will exceed the translational velocity 
and then the burner will flash back.^^ This phenomenon is very 
familiar to the users of Bunsen burners. Flashing back may be caused 
variously ])y: 

1. Increase of pressure. 

2. itedvK^tion of gas sui)j)l 3 ^, resulting in excessive heating of pro- 
tecting gauz(^s. 

3. Introduction of a gas requiring less air for combustion. 

4. Forcing of air into the mixture at the air ports. 

5. Lessened specific gravity of a gas. 

increase of i)ressure causes increased entrainment be(?ause of the high 
velocity of the issuing gas, entraining power being definitely related 
to velocity. Less gas results in relatively shorter cones. A gas reejuir- 
ing less air for combustion mixed with a given amount of air will make 
a mixture that approaches an explosive mixture. By increasing air 
flow into the air ports, an explosives mixture must finall^y result. A gas 
of low specific gravity flows from an orifice with higher velocity and 
thus will (‘iitrain a larger portion of air. 

In all these cases, mixtures are approaching explosive proportions, 
and thus, without some provision for i)reventing back-firing, the burner 
would not be a practical device. It may be said at this point that 
gases in general use vary considerably in composition, pressure and 
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specific gravity, and thus a device must be provided that has consider- 
able adaptation to changing conditions. 

A device in almost universal use consists of at least one wire-gauze 
diaphragm mounted in the burner outlet. By cooling the mixture 
below the ignition temperature, the gauze prevents the explosion wave 
from progressing beyond the burner head into the tube. The gauze 
serves a further purpose in producing an even distribution and pressure 
of the air-gas mixture, a condition insuring noiseless burning. 

During the period that burners were operated in a manner to direct 
the gas-air streams upward, little difficulty was experienced in the 
matter of back-firing while these were in use on commercial gases. 
Such burners were not very efficient ciitraincrs and so the mixtures had 
a rather low explosion rate. By the iLse of a chimney, however, a 
somewhat better entrainment was effected, but the most important 
result was due to a swift secondary current of air which coursed up 
through perforations in the gallery supporting the ehirnne'y and rushed 
swiftly past the mantle surface, insuring the burning of gases of low 
aeration right at the mantle surface. In this way, high incandescence 
was secured by the use of upright burners. 

From many considc'ralions, it seemed desirable to distribute gas 
downward into a saeepK^ mantle, mounted on a clay ring. The ring 
carried lugs adapted to sui)i)oH- the mantk^ in the ])ath of the gas-air 
stream. Counter buoyancy of the hot mixture now made the ])roblem 
of the efficiency of the entrainer a vita! one. In some measure this 
entraining (*fficicncy was attained ])y substituting for th(‘ original rather 
large cylindrical Bunsem tube a relatively short Ic'ngth of cylindrical 
tubing of smaller diameter. Such a structure, known as a '^raceway," 
remained in general use for many years without substantial change. 
Earlier forms of burners of the inverted type entrained about 2.5 vol- 
umes of air to one of gas. Almost all earlier forms of inverted burners 
required for effic-ient operation a cylindcT of glass with openings at the 
bottom for admission of secondary air, which, as in the case of the 
upright lamp, enabled the mantle to gain high incandescence. A low 
order of entrainment always makes some draft-inducer necessary for 
satisfactory results. If primary air is not present in a certain propor- 
tion, a sccondar}^ current of air must be supplied. Incidentally a 
cylinder below the mantle serves the purpose of protection from fire 
danger by fractured rings or burner tips. 

Burner outlet tubes or nozzles are made of clay and threaded appro- 
priately for attachment to the metal portion of the Bunsen mixing tube. 
All mantles used on upright* and inverted lamps at commercial gas 
pressures, until very recently, had an outlet other than that afforded by 
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the meshes of the mantle itself for escaping gaseous products. For 
upright mantles, an opening is provided at the top of the mantle by- 
limiting the completion of the closure by the shirring cord at the top. 
Inverted mantles are tied on a clay ring whose inner circumference 
considerably exceeds that of the outer circumference of the burner tip 
or nozzle. The outlet of the burner nozzle is' always made to extend 
down some distance into the mantle. 

Means for preventing back-firing arc far more necessary for the 
inverted lamp than for the upright lamp, because of the necessarily 
high temperature of the mixture. This is accomplished by a burner tip 
considerably widened at the top and provided with a gauze. The 
latter offers less resistance to the flow of gas and is quite effective in 
preventing back-fire. 

In improving burners attention has been directed to the following 
features : 

(а) A smooth and straight orifice with centralized needle for even 
distribution and regulation of flow. 

(б) Properly proportioned air ports. 

(c) Taper tube approach to the constriction in the Bunsen burner. 

(d) Diameter and length of the (Constricted portion of the tube and 
the distance between the orifice and the beginning of the constriction. 

(e) Continuation of the tube beyond the constricted y)ortion in the 
form of a gradually widening tube whose object is to eliminate eddy 
currents and thus resistance to flow. 

(/) Distributing passages beyond the Bunsen tube proper to insure 
even distribution of pressure. 

The constricted throat of the Bunsen tube should have a cross- 
sectional area equal to 43 per cent of the outlet port or ports. Beyond 
the constricted throat the tube should taper outward at an angle of 
approximately 4 per cent. 

A burner of recent design in r(\spect to its Bunsen tube is an upright 
burner with a distributing head that directs the gas-air streams down- 
ward to attached small mantles in the rag form (Fig. 15). This is a 
small compaert burner of high efficiency which may be included within 
the limits of artistic glassware. It possesses the advantages of upright 
burner performance while its compactness suits It to artistic treatment 
in lighting fixtures. The mantles used are of the inverted form and 
give a favorable distribution of light in a semi-indirect manner. This 
burner, being an efficient entrainer, obviates the necessity of using 
draft-inducing chimneys or cylinders. • 

Mantles operated in an inverted position possess marked advantages 
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over those whose position is upright. In the case of the latter, there is 
expansion and contraction due to heating and cooling, which tends to 
fracture the mantle by reason of the attachment to a fixed support 
above and sliding resistance on the burner cap below. 



Another recently designed upright burner, constructed in accordance 
with the principles outlined, has a rather remarkable performance. A 
single upright mantle, mounted on a (iap furnished with a gauze, is 
placed in position by slipping the gauze cap over the burner head. 
A mantle in the rag form is folded in a peculiar way so that when the 
fabric is burned out there is sufficient rigidity in the ash concentration 
to hold the structure in position ?mtil gas is turned on. A mild explo- 
sion shapes it into a beehive form and hardens it in situ. Clippings of 
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the web at four corners of the foldings give to the shaped mantles venti- 
lating outlets near the top. These outlets reduce the pressure of the 
mixed gases and thus lessen the resistance offered to entrainment, with 
the result that this burner supplies to the mixture a larger proportion 
of air than any other form of burner in use. . A very high oxygen content 
results in an extraordinary brilliancy of incandescence. 

The specific brilliancy per unit of surface exceeds that of any other 
burner known, with the exception of burners that are designed to oper- 
ate with high-pressure gas or air. The striking feature of this device, 
however, is its automatic adaptation to changes in gas pressure, due to 
the provision of overflow outlets at the top of the mantle. This obvi- 
ates any necessity for needle control at tlie orifice or air-shutter adjust- 
ment. The parts of tliis burner are merely a Bunsen base, a properly 
designed Bunsen tube, and a gauze cap bearing a mantle. The whole 
structure is only about 3 inches long. The two lamps just described 
have a light output of 
150 to 225 lumens per 
cubic foot of gas of 550 
B.t.u. value delivered 
at a pressure of 3 inches 
(water column). In- 
crease of presvsure results 
in a marked gain of 
lumen output. 

Such results arc the 
best that can b(‘ jm)- 
duced on l()W-j)reSvSure 
burners, whik' those of 
inferior construction, 
popularly (k^signated as 

cheap,” have hardly 
half this liiiiKm outpul-. 

Higher gas pressures, 

say 2 f)ounds per square inch, give an efficiency about twice those 
of low-pressure burners, but this efficiency is given at. the expense of 
complicat('d i)ressure appliances and short life of the mantle. Ce ()2 
volatilizes at high temperature, and a mantle Vonscquently loses in 
efficiency. However, high-pressure lamps are used extensively abroad 
for street lighting, with remarkably pleasing effect. 

One of the most, valuable contrilnitions to the gas-lighting art during 
the last few years lias been due to tlw^ development of a burner whose 
Bunsen tube lies in a horizontal position (Fig. 16) and thus is adapted 



Fio. 16. Diagrammatic Sketch of Burner with 
Horizontal Bunsen Tube. 
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to operation in a suspended bowl. One of the hollow suspension arms 
serves as a gas distributor from the outlet on which the structure is 
suspended. 

The manifold has multiple outlets for mounting a group of burner 
tips and mantles and all are supplied with the mixture from a common 
Bunsen tube. The horizontal position of the burner structure permits 
it to be wholly conc;ealed within the bowl. The light given out in this 
form of lighting device is distributed in a most pleasing semi-indirect 
fashion, part being distributed through the translucent bowl and 
another part by reflection from the bowl to the ceiling and thence by 
diffusion to parts of the room. 

Atmospheric Vitiation. — When used in a home for which ventilation 
has not been carefully provided, gas flames may become a menace by 
removing the oxygen of the air. Column II, Table VII, containing 
illuminating values per liter of end products for various fuels, is of 
interest here. Assuming the practical equivalence of sperm and 
paraffin candles, it shows that each standard paraffin candle, for each 

hour of burning in a room, effectively removes the oxygen from 

or 90 liters (roughly 3.2 c;u. ft.) of atmosphere. Certain experiments 
have shown that an active adult man consumes oxygen through respira- 
tion at the rate of 1 100 liters per day, an average vitiation of atmosphere 
(20.90 per cent) of about 220 liters per hour, about 2-| times that of a 
candle. 

The data of Table VIII were obtained by c’omparing, from this view- 
point, various gas-flame sources. 


TABLE VIII 

Atmospheuic Vitiation Due to Certain Light Sources 


Sources 

Candle- 

power 

Vitiation Iliite 

Vitiation clue to liehl Hource 

^’ltlatlon due to active adult 

Candles 

10 

1440 liters per hr 

6 5 

Kerosene hiini) 

16 

550 “ “ “ 

2 5 

Coal gas . . 

Coal gas 

16 

920 “ “ 

4.2 

(Mantle burner) 

10 

155 “ “ “ 

0.7 


Arc Lamps 
[W. R. Mott] 

Table IX gives a few of the important facts in the history of lighting 
by means of arcs. 
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TABLE IX 

Important Facts in the History of Arc Lighting 


Discovery or Invention 

Discoverer or Inventor 

Date 

Place 

Carbon arc discovered 

Sir Humphry Davy 

1801 

England 

The name ‘Arc'* first applied 

Sir Humphry Davy 

1821 

England 
U. S. A. 

Open carbon-arc lamp 

Enclosed carbon-arc lamp 

Brush 

1876 

Marks 

1893 

U. S. A. 

Yellow-flame carbon-arc lamp 

Bremer 

1899 

Germany 

Mercury-vapor arc lamp 

Cooper and Hewitt 

1901 

U. S. A. 

Vertical-flame arc lamp 

Blondcl 

1902 

France 

Magnetite (oxide) arc lamp 

C. P. Stcinrnetz 

1900 

U. S. A. 

Enclosed-flamc arc lamp . . . 

A. D. Jones 

1908 

England 
U. S. A. 

White-flame photographic arc lamp. 

Norman Macbeth 

1910 

High-intensity searchlight lamp. . 

Beck and Sperry 

1914 

Germany 

and 

U. S. A. 


It is interesting to note that al)out half of the important inventions 
in arc lighting were made in the United States. 

Open Carbon Arc. — The discovery of the arc was made by Sir 
Humphry Davy over a century ago with the powerful electrical batteries 
newly installed at the Royal Institution. When two charcoal elec- 
trodes were placed together and then drawn apart, these batteries 
forced a heavy (Jurrent through the gas separating the two electrodes. 
This hot, bright discharges took a bow-shape with horizontal electrodes 
and hence Davy called the phenomenon an arc.'^ 

The practical development of the open carbon arc for street lighting 
was first carried out by Charles F. Brush. CJonsiderable effort was 
made to increase the life of the carbons by coating them with metal, by 
using larger and longer carbons, by using magazine arc lamps holding 
two or more pairs of carbons, and by enclosing the arc to prevent the 
rapid oxidation of the electrodes. 

Enclosed Carbon Arc. — The enclosed arc lamp decreased the rate 
of consumption of the carbons to about one-tenth that of the open 
carbon-arc lamp. A complete enclosure is impractical, because the 
carbon vapors must be burned at least to the carbon monoxide stage 
at the edges of the arc; otherwise, the (;arbon dust will blacken the 
glass globe. With the first enclosed arc lamps made by Marks, there 
was a valve to regulate the small amount of air entering the arc globe. 
However, modern carbons are so exact in size that sufficient air enters 
the globe between the upper carbon and the sleeve. It is important to 
note that the enclosed arc lamp was npt used abroad for street lighting, 
because of its very poor efficiency compared with the open carbon arc. 
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However, the enclosure of the arc increased the proportion of ultra- 
violet radiation and so greatly enhanced its value for photochemical 
uses. 

Flame Carbon Arc. — The investigation of the flame arc by incor- 
poration of special chemicals in the electrodes was first made by Weston. 
The development of this idea was much more rapid in Europe than in 
the United States, because of the greater demand abroad for high 
efficiency in light production. 

Many experiments with all kinds of materials and arrangements of 
electrodes, which led to the revolutionary flame-arc lamp, were made 
by Hugo Bremer. The two principal factors that made Bremer\s lamp 
successful were (1) the inclined-trim or V-arrangenicnt of the carbons, 
allowing the insulating slag buttons to drop off without interfering with 
arc operations, and (2) the discovery of mixtures of alkali silicates, 
borates and calcium fluoride that wet carbon. The use of these 
mixtures allows the molten flame material to be fed to the arc in an even 
way, similar to th(^ action of a wick. The discovery of the value of 
calcium fluoride was very fortunate, as it has an intensely bright spec- 
trum peculiar to itself. At first Bremer used solid impregnated flame 
carbons but this was soon given up for very small, long, (‘ored carbons. 
The cored carbons allowed the chemicals to be vaf)oriz(‘d dire(;tly into 
the center of the arc, and this materially increased the efficiencj^ The 
efficieiKiy of these yellow-flame lamps per arc watt was about three times 
as great as that of the direct-current open carbon arc!, and about ten 
times as great as the enclosed carbon arc on alternating cuirent. Scores 
of different types of flame lamps were developed aflc^r Bremer’s work. 
They found an extensive use for advertising and for the illumination 
of large spaces. 

The next step in the ev'^lution of the open carbon flame-arc lamp 
was the change from the inclined trim or V-shaped position of the 
carbons to a vertical alignment of the carbons which gave a light dis- 
tribution ideal for street lighting. 

The enclosure of the flame arc was made by A. D. Jones, who em- 
ployed cored flame carbons. This w^as followed by the devclojmient of 
solid flame carbons which were employed in em^losed flame-arc lamps 
for street and factory lighting. 

Magnetite Arc. — The magnetite arc; represents the utilization of 
oxides for an electrode, which allows a long life under open-arc conditions. 

General Applications. — The usual characteristics of arcs that arc of 
special value for illumination arc efficiency, ruggedness, adjustability, 
concentration of light sourct, ajid the control of the color of light. 
The necessity of trimming and the presence of undesirable products of 
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combustion are two objections to them. The complicated mechanism 
is also a handicap in comparison with simple convenient units such as 
incandescent lamps. The result has been that the arc is largely con- 
fined to large-wattage units for outdoor illumination, to projection uses 
(because of its superlative crater brightness), and to photochemical 
uses where high efficiency in producing blue and* violet light is necessary. 

The Arc Defined. — The exact definition of an arc has been the source 
of some confusion because of the many kinds of arcs and their similarity 
to other forms of electrical discharge, wsuch as the electric spark and the 
brush discharge. After careful consideration of the many aspects of 
the arc, the following definition is proposed: An arc is a column of very 
hot and highly conducting vapors carrying a current sustaining this 
condition. 

The vapors may be furnished by either electrode or by the atmosphere. 
Solid conductors, liquid electrolytes, and hot conducting oxides have 
been used as electrodes. In regard to current values, arcs range from 
a fraction of an ampere to many thousand amperes. The arc voltage 
is much lower than that of sparks and of most of the vacuum cathode 
discharges. In distinction from the spark, the arc has sufficient energy 
to sustain the conducting state. The (columnar shape of the arc is a 
result of its indivisibility. This is a distimdion from the brush discharge. 

An arc has its conductivity increased by increased current. The 
heat prodiuied by the increased dissipation of energy in the arc with 
increased current causes the conductivity of the gasevs between the 
electrodes to become greater and decreases the voltage drop between the 
electrodes. Hence, it must have an external resistance (or other 
apparatus such as a limiting reactance on alternating current circuits) 
in series with it in order to prevent its indefinite expansion to what is 
called a short-circuit arc. 

The electrical condiKdivity of hot gases increases very rapidly with 
temperature. This not only causes an arc to hold together in one 
column but also explains othc'r peculiarities, such as its volt-ampere 
curve. Solid electrolytes on heating show similar effects, as is illus- 
trated by the Nernst lamj:). 

Appearance of Arcs. — The direct-current arc has been described 
as consisting of a very large, hollow, positive crater and a much smaller 
negative crater. The arc itself has a violet core and a green or greenish- 
yellow shell. This arc shell is due to impurities consisting of alumina, 
iron and boric oxide in the coke of whi(*h the carbons were made. By 
the use of much purer carbons and higher currents, the shell becomes 
very dim. Fig. 17 is a photograph of a Iflame arc in black and white. 

On the other hand, the addition of chemicals to the carbon changes 
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the color and brightness of both the core and the shell of the arc. The 
yellow-flame arc, made with calcium fluoride, gives a violet core and a 
very bright yellow shell. The red-flame arc, made with strontium 
fluoride, has a blue core and a red shell. The white-flame arc, made 

with a rare-earth fluoride, has an 
intensely blue core and a less well- 
defined shell, with the inner part 
somewhat green and the outer part 
somewhat red. 

Since almost any material which 
is introduced into the arc causes 
some unique bcliavior, it has been 
pro})osed to use the arc for chemical 
analysis. 

Classes of Arcs. — Arcs may be 
divided into two major classes: (a) 
crater arcs, and (h) luminescent 
arcs. 

The crater of a crater-arc is the 
hot surface at the electrode tip 
from which the arc stream origin- 
ates. Most of the light of a crater 
or neutral arc; is emitted from its 
craters. The positive crater of 
a direct-current carbon arc gives 
about 90 per cent of the light, the 
negative crater and the arc stream 
the balance. The reason that the 
positive crater gives the most light is that here the most energy is 
liberated. The anode drop is large, usually about 40 volts; the cathode 
drop is less than 10 volts, and the balance is in the arc stream. As 
the power of carbon vapors to give visible light is very small, the 
energy expended in the arc stream is largely wasted. The reverse is 
the case with the luminescent arcs, including the flame-arcs. 

Luminescent arcs may be defined as those which give considerable 
light from the arc stream in addition to that from the craters. 

To the crater arcs belong the open carbon arc, the enclosed carbon 
arc and oxide arcs. To the luminescent arcs belong the flame carbon 
arcs, the magnetite arcs, the mercury-vapor arcs and the tungsten arc 
in vapors of titanium chloride at reduced pressures. 

Principal Factors Goverriing . Arc Output and Operations. — The 
amount and quality of light from an arc will depend upon a great variety 




CHEMICAL COMPOSITION OF THE ELECTRODES 71 


of conditions, such as (1) the chemical composition of the electrodes; 
(2) the chemical composition, motion and pressure of the atmosphere 
around the arc; (3) the kind and amount of current and the voltage 
across the arc; (4) the magnetic field in and around the arc; (5) the 
nature of the ballast in series with the arc. 

Chemical Composition of the Electrodes. — The chemical composi- 
tion of the electrodes determines the brightness of the anode crater and 
the spectral nature of the light of the arc stream. Only materials 
having the highest boiling points, such as carbon, zirconium oxide, 
tantalum and tungsten, are suitable when the light is to be produced 
by the brightness of the craters on the electrodes. 

With flaming arcs, the flame materials arc carried from the anode 
to the cathode when a current of less than 50 amperes is employed. 
The inclined-trim carbons arc usually made with flame material in the 
positive electrode only, because its high heat is sufficient to fill the arc 
with the light-giving vapors. Putting the flame material in the nega- 
tive electrode in this (;ase may add only 10 per (‘ent to the light. 

The magnetite arc is especially distinguished from the plain carbon 
arc and the flame arc in that its anode is comparatively cold, being 
made of massive copper. The cathode is composed of magnetite 
(elec^trically conducting oxide of iron), titanium oxide which is the best 
light giver in these arcs, chrvHnium oxide which decreases and regulates 
vaporization, and alkali salts for improving the arc conductivity. All 
these materials arc com})ressed in a thin-walled iron tube. While in the 
case of the flame arc;, the salts are c;arried into the arc by vaporization 
from the anode, in the magnetite arc the materials are carried into the 
arc by vaporization from the cathode. 

With regard to the amount of light-giving material that can be used 
in an arc, doubling the amount of material does not necessarily double 
the light, but the incTcase is more apt to be about 25 to 50 per 
cent. 

An upper limit is reached in the use of large amounts of flame material, 
because of (1) the increased energy required to boil the greater amount 
of material; (2) increased cooling effect on the arc stream; and (35 
the increased obstruction of light by the condensation of the flame 
vapors as a dust around the arc. In general, the enclosed flame arc 
(employing large, solid, impregnated carbons) uses twice as much flame 
material per ampere-hour as the open flame arc employing small, cored 
carbons. In spite of the smaller amount of flame material, the candle- 
power of the cored carbons is generally better than that of the solid 
flame carbons, because of the adverse eifeef of enclosing the arc and the 
greater heat losses by conduction with the large, solid flame carbon. 
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Data obtained with calcium fluoride in cored carbons have been 
reduced to the following equation : 

E = 2.18 + 6.8 log I 

where E is the mean lower hemispherical candlepower per arc watt and 
c is the per cent of calcium fluoride in the core of the positive carbon 
(8 mm. diameter). Table X shows that the observed and calculated 
efficiencies of light production check closely. 


TABLE X 

Efficiency in Relation to Amount of Flame Material 


Per Cent of Culciuin 
Fluoride 

Meuu Lower HeiiiiHplien- 
ciil Cu rid lepow'or 

Calculated E 

Observed E 

0 

1173 



8 

1728 

4.22 

4.32 

15 

2505 

6 20 

6 17 

20 

2808 

6.94 

6.95 

25 

3268 



30 

3321 

8.10 

8.20 

35 

3385 



40 

3574 

8’98 

8.85 


A similar type of ecpiation apjxiars to apply broadly up to the limit at 
which the energy required for the evaporation of the flame materials 
becomes excessive. The electric^al conductivity of the materials in the 
region near the (Tater also becomes important in limiting the amount 
that can be used. Aside from these limitations, the general form of the 
equation of the efliciem^y, Ej of tlu' production of light to the amount 
of concentration, c, of the flame material is as follows: 

/Vi+ A',.og-^. 

As 

With each material, experiments are necessary to determine the proper 
values of the (;onstants, /vi, Kz and Kz. A study of the nature of these 
equations shows that mixtures of several materials might increase the 
efficiency and this is substantiated by expt^rinient. The above results 
check so well as to suggest that the form of the ecpiation has more than 
an empirical rneaning. Since absorjRion of light can be expressed as a 
logarithmic function of the amount of the material, it is to be expected 
that the emission of light Would also be a logarithmic function of the 
amount of the material. 
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Effect of Surrounding Atmosphere. — Air currents decrease the arc 
steadiness and cause more voltage to be required in the arc ballast. A 
strong air current will blow out the arc. The vapors of the arc itself 
have a number of motions: (1) the general movement from anode to 
cathode of the carbon arc; (2) a rapid circulatory motion; (3) a rapid 
expansion and contraction in the case of the liissing or talking arc. In 
the (;ase of a flame arc, the upward rush of hot air about doubles the 
efficiency for producing light when the flame material is fed only from 
a lower positive flame (carbon as compared with an upi)er positive flame 
carbon. If both carbons are of flame composition, then the positive 
upper may give as much light or even mon^ than the positive lower. 

The chemical com])Ositi()n of the atmosphere around the arc affects 
its light materially. An (^xtreaiK' case is found in the ani consisting of 
tungsten operating in low-i)ressiirc vaj)ors such as titanium chloride. 
Here the tungsten (‘leclrodes contribute no material light-giving vapors, 
but the atmosphere fecMls the arc with light-giving (chemicals. With 
the carbon arc, enc'losure increases the photographic light many times 
because the cyanogen of th(‘ arc is h^ss (piickly burned in the presence 
of an atmosphere rich in carbon monoxide. With the flame arcs, 
especially those giving light, by chemical reaction in the arc sliell, an 
eiudosure causes a considerable dcuTcase in the amount of light. When 
calcium fluoride is used ir the open flame ar(‘, (‘onsiderable light comes 
from the spectrum of the calcium oxide forni(‘d, which is materially 
decreased by (‘iiclosing the arc. It is, therefore, necessary for the 
production of high intensity of light with this material, under enclosed 
arc conditions, to add materials containing oxygen, such as alkali 
(carbonates, boratc's and tungstates. 

As the arc is composc'd of hot vapors, it is considerably affected by 
the mechanical prc’ssurc* of the' surrounding gasc\s. A decrease in the 
pre^ssure cause's the arc to c'xpand and bec*ome less bright in temperature. 
It Ls obvious that if tlie anode material is held at its boiling point, an 
increase in the prc'ssure should (1) incrc'ase the amount of energy neces- 
sary at the c*rat.er surface' in order to reae'h the higher boiling point and 
(2) thecrefore, ijicrc'asci the' e*rater brightnc'ss. 

The Effect of a Magnetic Field. — The are* is deflected by a magnetic 
field in the diree*tion in whicli a flexible e'ondiictoi* would be deflected 
if it carried a eairrent flowing in the' same direction as that through the 
arc. With two f^arallel conehu^tors, the magnetic action of the arc 
current drive's the arc to the ends of the electrodes. 'This magnetic 
force is so great that the arer can be operated at the lower end of a V-trim 
of carbons in spite of the iipwarel f)vsh Of the hot-air currents around 
it. A magnetic field formed by electromagnets operated by the current 
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in series with the arc is used in inclined-trim lamps in order to flatten 
the volt-ampere curve and thus to decrease the ballast that is necessary 
and hence to increase the overall efficiency for producing light. On the 
other hand, in lamps with a vertical trim, a special effort is made to 
avoid the magnetic effect of the current going to the lower carbon, by 
exactly dividing the current between the two oppositely placed con- 
ductors. The shape of the lower holder has a considerable effect on the 
magnetic field surrounding the arc. It can be truly said that the success 
or failure of many arc lamps has rested on the care taken to eliminate 
or regulate the magnetic effec^ts. 

Consuihption of the Electrodes. — The consumption of the electrodes 
in an arc lamp depends on oxidation and volatilization. With the carbon 
electrodes, oxidation is the chief factor, as contrastcul with the volatiliza- 
tion of magnetite electrodes. Table XI will give a general idea of 
the rate of consumption per hour of the two electrodes that together 
constitute a trim. 


TABLE XI 

Rate of Consumption of Electrodes per Hour 


Current Type of Arc 

Electrode 

Diameter 

Arc 

C'unont 

Arc 

Xoltage 

MM. per Hour 

D. C. Open Carbon Arc . 

5// 

8 

9 

10 

16 mm. 

D. C. Open Flame Carbon Arc.. . 

Zft 

8 

10 

45 

30 “ 

A. C. Enclosed Arc 

•2 

G 0 

70 

1 to 2 " 

D. C. Magnetite Arc 

V/ 

N 

3.5 

91 

1 to 2 “ 

A. C. Enclosed Flame Arc 

Iff 

8 

10 

45 

2 to 3 " 


In general, the consumption of the positive carbon is about twice that 
of the negative, ])ccausc of the greater heating effc'ct of the large positive 
crater. The consumption of both carbons in(T(‘,ases with the current. 
While the lowcn- carl)on is not particularly aff(H*t(‘d, the upiXT carbon 
burns more rajridly with increasing arc voltagci. An ciuilosure reduces 
the rate of consumption of tlu* carbons, so that the life is increased five 
to twenty-fold under like conditions. 

With short, protected carbon arcs, the anode (Tiiter loses carbon and 
the cathode crater takes uj) a mushroom deposit of carbon. Arcs so 
short as to give mushroom deposits arc unsuitabh^ for lighting. 

Color Resouirces of the Arc. — As tlui sun gives a color temperature 
of about 6500° K., and the positive-carbon arc a (^olor temperature of 
about 3700° K., it can readily be.seen why the light of the arc is more 
yellow in color. The alternating-current carbon arc is more yellow than 
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the direct-current arc because of the lower average temperature of the 
craters, as each crater is a positive only half of the time. 

The addition of chemicals to the arc greatly extends the range of 
colors obtainable. By means of mixtures, many gradations of colors 
can be obtained. In Table XII, the best materials for producing 
various colors are given. 


TABLE XII 

Color of Light in Rei-.ation to Material in the Arc 

Color of Light Material in the Arc 

Red Strontium, yttrium 

Yellow Calcium fluoride 

Green. Erbium, thallium, mercury 

Blue-white Rare earths, uranium, iron, titanium 

Ultra-violet Uranium, iron, mercury 

The yellow-flame arc is about the color of the old incandescent 
carbon-filament lami). A combination of yellow-flame materials and 
blue-white materials gives a color of light that is used for the illumina- 
tion of streets. For want of a better name, it has been called pearl 
white. For photographic work and the matching of colors, the blue- 
whites arc chiefly us(m1. Tli(\y give a color which is nearly as blue-white 
as northern daylight. The red-flame (carbons are used mainly for 
advertising purposes. 

In the matter of ultra-violet for medical purposes, sterilization, etc., 
the iron arc is (piite rich in both the near and (extreme ultra-violet. 
The uranium arc is iniicli more powerful tlian the iron arc. For ultra- 
violet light of the same typ(* as that in sunlight (O.SSOju to 0.300/i), the 
white-flame ar(^ is the best source. 

Temperature, Brightness and Area of Arc Craters. — A method of 
changing th(^ ])rightness and tc*niiierature of a crater is by changing the 
atmosplierif! pressure' on the arc, which would in turn change the boiling 
point. In regard to the carbon arc, brightness and temperature 
measurements with increased and decreased pressure arc set forth in 
Table XIII. 


TABT.E XIII 

Effect of Reduced Pressures on Anode Crater 
Brightness and Temperature of a Pure Carbon Arc 

Pressure, 


atmospheres 

1.0 

0.9 

0 8 

0.7 

0.6 

0.5 

0.4 

0.1 

Relative 

brightness 

1 0 

0 99 

0.97 

0.95* 

0 92 

0.88 

0 83 

0.59 


Absolute 

temperature 4200 4195 4185 4175 4160 4145 4110 


3940 
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Eitect of Increased Pressures on Anode Crater 
Brightness and Temperature Using a Solid Flame Carbon 
Pressure, atmospheres 1 2 4 8 12 16 22 

Relative brightness 1 0 2.5 4.4 7.8 11.0 14.2 18.0 

Absolute temperature 4200 4690 5000 5350 5560 5740 5890 

The above table shows that by increasing the pressure from 1 to 22 
atmospheres, the crater brightness is increased eighteen-fold. 

The temperature and brightness of either crater has an upper limit 
which is the boiling point of the electrode material. With metal arcs, 
it is possible to hav(i cold anodes, because the ar(^ feeds its condu(!ting 
material from the hot negative spot. In these metal arcs, the tempera- 
ture of the crater is bclie\'ed to reach the boiling jioint of the negative 
electrod(i material. However, with very high boiling-]^oiiit materials, 
the positive eleiitrode feeds the arc with its vapors and in this case the 
limit of the temperature of the positive crater becomes the boiling point 
(or sublimation point) of the anode material, anrl the lU'gative crater 
may be several hundred degrees cooler than the' positive crater. Arcs 
with very hot positive crate^rs are those of (‘arbon, zire^onium oxide and 
tantalum (boiling point 5500*^ (\). The crater brightness and boiling- 
point temperature of several materials, sucdi as tantalum, are much 
higher than those of carbon itself. 

Materials having boiling points lower than the sublimation tempera- 
ture of carbon reduce the l)rightness imd tem})crature of the positive 
crater, when incorporated in the carbon. Materials boiling above the 
sublimation tcmjierature of carbon have positive' craters that are hotter 
than that of the carbon arc. The crater area is much reduced and the 
energy density may be several times that obtained wit h tlu' (;arbon alone. 
Tlie crater brightness and tem]>erature are esi)eciall 3 ^ high with a large 
tantalum bead (1/2 gr.) in a lowx'i* positive carbon cup with a direct 
current of 25 ampen's. Tla^refore, in addition to ineniased pressure for 
securing brilliancy and high tiunperatun' of cratc'rs, a s(H;ond method 
involves the use of materials with boiling points higher than the subli- 
mation temperature of carbon. 

A third method of securing very' high temiieratures (approximating 
that of the sun aiul mu(;h higher than a pure carbon arc) is by means of 
the so-called high-intensity searchlight arc, in which very high current 
density is con(‘entrated upon a small volume of luminescent vapor in a 
small crater cup at the end of flame positive electrode. The bright- 
ness of this vaf)or corresj^onds to 090 candles per sq. mm., while the solid 
carbon gives 172 candles and, the neutral cored (carbon 130 candles per 
sq. mm. 

The negative crater of the usual carbon arc is about 600° cooler 
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than the positive crater. The temperature and brightness are not 
constant as in the case of the positive crater of a carbon arc. The area 
is less and the brightness is less; hence the total light produced from the 
negative crater is very small compared with that from the positive 
crater. 

The chief effect of the negative crater on the carbon arc is to control 
steadiness, and to insure this latter condition the negative crater must 
always be hot enough for abundant electron emission. No arc can be 
maintained where the negative electrode is subjected to violent cooling 
effects, as by rapid motion through the atmosphere. 

Crater Area and Light in Relation to Current. — As the chief light 
source of a pure .carbon arc is tlic positive crater, this crater area is a 
variable of great importance in illuminating engineering. The crater 
area depends on the (composition and size of the electrodes, the current, 
the arc length, and the chemicals in the arc. 

It has be(m shown that with solid carbons the crater area increases 
2.4 times when tluc (current is doubled. This relation holds over a wide 
range of searchlight and motion -picture projectors, employing carbons 
of the proper siz(^ for each current. However, it would be a gross error 
to say that the light of carbon arcs is limited to direct proportionality 
with the current used. With flame arcs the light in(creases still faster 
when the (ciirnuit is increased than with the pure carbon arc. 

Spectrum Nature of Arc Light. — All three kinds of spectra — con- 
tinuous, band and line — an' given by a flame carbon ar(c. The craters 
have the continuous spectra so characb'.ristic of hot solids. The core 
of the arc gives line spectra, and the shell of the arc, band spectra. 
The band sj^ectra under a high resolving power are seen to be really 
made up of closely packed lines with regular changes of spacing between 
them. Ckuiipounds giving band spe(^tra in the carbon arc arc calcium 
fluoride, strontium fluoride, barium fluoride, barium chloride, beryl- 
lium fluoride, and most of the refractory oxides, such as alkaline earths, 
boric oxide, aluminum oxide, yttrium oxide, etc. Of the carbon com- 
pounds, the most important band spectrum is that due to cyanogen 

(CN),. 

The shell of the yellow-flame arc containing calcium fluoride gives 
intensely bright bands in the red and green portions of the spectrum. 
Calcium oxide gives very intense bands in the red. Thus the yidlow of 
the yellow-flame arc does not come from the yellow ])art of the spectrum. 
Strontium fluoride gives intensely bright yellow bands and, owing to the 
presence of oxide formed by decomposition, the red bands are also very 
bright. 

The white-flame arcs owe most of their light to the thousands of 
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light-giving lines in all parts of their spectra. This is illustrated in 
Fig. 18. 

These line spectra belong to the elements. 



Fig. 18. Spectra — Outer Two, Snow-white Flame Arc; 
Inner, Pure C’arbon Arc. 


Electroluminescence of the Arc Core. — The laws of radiation of hot 
solids apply to the light from the crater and to the zones of lower tem- 
perature around the eivater. Flame materials in the t:ore of an alternat- 
ing-current carbon arc give light in almost exaet synchronism with the 
instantaneous current- value and may thus be put in the electrolumines- 
cent class. 

In the carbon arc, the poorest emitters of light are the non-metallic 
elements, such as sulphur. They arc also poor arc conductors. Both 
of these effects are explained by the extreme difficulty of i)ulling elec- 
trons from non-mctallic atoms. The inetfils that lose electrons most 
easily are the alkalies. These, in minute amounts and at low tcmi)era- 
tures, as in the Bunsen flame, are wonderful emitters oi light, but they 
are very poor at arc temperatures. Elements of groups having a high 
valence and increasing atomic weight give a maximum of lincis and 
respond most to the euiTent effects in the ar(^ core, resulting in a high 
efficiency of light production. This is particularly tru(^ of titanium, 
vanadium, chromium, iron, rare earths and especially uranium. The 
importance of core light is that it resi)onds to the current density and 
utilizes the electrical energy of the arc stream, which is pra(;tically 
wasted in the ordinary pure carbon arc. The production of light by 
materials giving a luminescent core increases about as tlie square of 
the current. The light of the white-flame arc is derived mostly from 
the core of the arc stream. 

Chemiluminescence of the Arc Shell. — The yellow-flame arc gives 
almost all its light from the arc shell. Compounds having the greatest 
energy of formation (i.e., highest decomi)osition voltages) give the 
strongest and brightest arc shells with the smallest amounts of material 
and are most effective in provlucing arc light of extraordinary efficiency 
at low wattage. Direct-current arcs employing but 2 to 4 amperes 
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can be made remarkably eflicient by using materials giving bright 
arc shells. 

It is interesting to note that arc shells in relation to arc cores always 
have a dominant color of longer wave-length. With a given compound 
giving an arc core and inner and outer arc shells, the order of color is 
always violet or blue for the core, green for the inner shell, and 
red for the outer. Arcs are not found with a blue shell or with a 
red core. 

Fluorescence. — The maximum of ultra-violet light is produced in 
the core of the arc. Ultra-violet light of extremely short wave-lengths 
probably plays an important part in the production of light through its 
transformation in the outer parts of the arc shell to longer wave-lengths, 
thus producing light by fluorescence. 

Arc Conductivity — Importance of the Hot Negative Spot. — The 
explanation of the phenomena connected with the discharge of elec- 
tricity from incandescent bodies explains very simply the behavior of 
the negative clecdTode in an arc. With the ordinary carbon arc, the 
cathode spot corresponds to a current density of only about 318 amperes 
per sq. cm., but with the 150-ampere high-intensity searchlights, the 
current density at the catliode crater is 8000 amperes per sq. cm. The 
difficulty of getting a still greater current density lies in the specific 
resistance of the ele(;trodc material and that of the vapor in front of 
the cathode (Tater. 

For good stability of the arc, it is importfint to conserve the highest 
temperature of the cathode. A shari>pointed negative gives this 
condition. The carbon arc is the most stable of all arcs that operate 
on alternating current, because of the higli temperature of the sublima- 
tion of carbon and the low thermal conductivity, and also because the 
flow of ar(r vapors, unlike that of the metallic arcs, is from the hotter 
positive crat(U’ to the negative crater spot, which is thereby heated. 
The stability of the carbon arc; is greatly improved by the introduction 
of flame chemicals which reduce wave distortion and improve the power 
factor. The temperature of the negative; spot and hence arc stability 
are improved by large current and high frecpiency. 

Conductivity of Arc Vapors. — The condiic;tivity of are vapors in- 
creases very rapidly with the temperature. This is one of the factors 
that tend to force the cairrent toward the center 'of the arc; and thereby 
further increase its temperature and conductivity. The electrical 
conductivity of elements in the arc depends largely on 'the ease with 
which they give off electrons. In carbon arcs, it is common to use 
alkali salts, which are called arc supporters, for the sole purpose of 
improving the arc steadiness and the ease of its control. 
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Relation of Arc Voltage to Arc Length. — The relation of arc voltage 
to arc length is that of a linear function. Each added unit of arc length 
requires like incTease in the arc voltage, provided the initial voltage is 
high enough to start the arc. There is a minimum voltage, however, 
below which the arc is inoperative; this is called the starting arc 
voltage.^' The starting arc voltage of the carbon arc is about 40 volts, 
while that of the flame arc is half this value. The flarne-arc stream of 
the flame arc requires a half to a third as much voltage per unit length 
as that of the pure carbon art;. These facts are shown graphically in 
Fig. 19. The great in(;rcasc in the length of tlie flame arc over the; pure 



Fig. 19. An; L(3np;th in Relation to Are Voltage for a 
C Carbon Arc and a Plame Are. 

carbon arc makes it less sensitive to m(‘(;hani(;al deficiencies in the 
drawing of the arc. Ar(;-lamp design and manufacture are made easier. 
This applies to both arc feeding and general ojx'ration. 

If the current is increased, then the arc voltage for a fixed length 
correspondingly decn^ases, as is shown in k^ig. 20. The energy in the 
arc intTeases, how(;ver, and hence the heating effect increases. 

Power-factdr. — On alternating current, the volt-ampere curve 
causes a wave distortion and a decreased power-factor, especially on 
low frequencies. The flame' carjxm arc shows these effects the least 
of any type of arc. Referring to the instantaneous- voltage curve, the 
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first condition that appears with the alternating-current arc is that the 
starting arc voltage must be reached before the current will flow. The 
second condition is that at the maximum of current the actual voltage 
of the arc itself is relatively low at the moment of maximum voltage 



('ar])()n Arc and a Flame Arc. 

of the line. This mak(*s a com})li(;ated wave distortion and so causes 
a lower {K)wer-f actor, liable XIV shows the power-factor of different 
arcs at (30 cycles j)er second. 


TABLE XIV 

Power-factor of Different Arcs 


Kind of Arc Power-factor 

Magnetite arc 50% 

Enclosed carbon arc 80% 

10-Ami)ere flame arc 87% 

25- Ampere white-fiame arc 97% 


Series Arrangement of Arcs. — The ideal circuit for arc lamps is the 
constant-current or series circuit, in which all thb power can be utilized 
in the arcs themselves, as contrasted with multiple circuits which waste 
part of the power in arc ballast. In American cities, serif^s circuits 
operating with several thousand volts are common, while in Europe the 
multiple arrangement of arc lamps firedorninates. 

In the following table, there are shown typical arc lamps used on 
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series circuits. The carbon arc lamp is the only one in use on alternat- 
ing-current circuits. The low voltage of the arc has the advantage of 
increasing the number of lamps per series circuit of fixed voltage. 


TABLE XV 

Arc* Lamps Used on Series Circuits 


Lump 

Current 

Volta 

Jiurnps per 1000 Vulta 

Open carbon an; d.c 

9.6 

50 

20 

Enclosed arc a.c 

7.5 

72 

14 

Flame arc a.c 

10 

50 


Magnetite d.c 

4 

80 

12.5 


Multiple Arrangement of Arcs. — The multiple arrangement of arcs 
for street lighting has been extensively used in Europe with flame arcs 
but has not been developed in America. The objection to the multiple 
arrangement is the', increased loss of energy used in the ballast of the 
arc lamps. Data on this are given in the following table for 110-volt 
circuits. 

TABLE XVI 

Voltage Distkidittion on 110-Volt Circuits 


Type of Arc T .amp 

Total Arc Voltage 

BallaMt Voltage 

Open type of carbon arc . . . 

50 

60 

Enclosed arc 

72 

38 

Singlc-flamc arc ... 

60 

50 

Open twin-flame arcs 

90 

20 


On 220-volt circuits, the relations are shown in Table XVIl. 


1 ABLE XVII 

Voltage Distribution on 220-Volt Circttits 


Type of Arc I^arnp 

Total Arc Voltage 

BalhiHt Voltage 

Enclosed arc (photographic) 

120 

100 

Enclosed flame arc .... 

120 

100 

Two-series flame arcs 

120 

100 

Four-series flam(‘ arcs .... 

180 

1 

40 


Relation of Voltage to Efficiency. — The carbon arc has an abrupt 
increase to a maximum of light efficiency just above the starting arc 
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voltage, especially with small carbons. In contrast with this, the flame 
arc starts giving light at half the voltage of the carbon arc and continues 
to increase in efficiency to very high arc voltages. This difference in 
behavior is shown in Fig. 21. The chief benefit of a long carbon arc 
is to decrease the shadow caused by the lower carbon. 



Fig. 21. Relation of Arc Voltage to Lumens-per-Watt for Carbon and Flame Arc. 

With very high arc voltages (above 100), the light increases, but at 
a slower rate, because of (1) the cooling action of increased air currents; 
(2) the escape of the light-giving vapors from the arc; and (3) increased 
dust arising from the condensation of the arc vapors. 

The relation of photographic light to arc voltage is shown in Fig. 22. 
By calculating effi(*icncy, it is seen that in this case the maximum light 
per watt in the arc is at about 45 arc volts. This makes it possible to 
place two flame arcs in series on 110-volt circuits at their maximum of 
light efficiency. Two eiu^losed carbon arcs cannot be operated in series 
on a 1 10-volt circuit. This illustrates the electrical advantages of flame 
arc on both multiple and series circ.uits. 

The voltage-power (‘ornponent of alternating current is vc'ry effectively 
utilized by the flame-arc stream but wasted in the pure carbon arc. 
The light cffi(;icncy of a ])ure carbon arc is nearly twice as gi*eat on direct 
current as on alternating, because of the greater heat losses at the craters 
of the latter. For the same reason, large, s\)lid flame carbons also give 
slightly better efficiency on direct current. On the other hand, small 
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cored flame carbons give better efficiency on alternating current because 
of small heat losses at the craters. The voltage-power component and 
the feeding of the flame materials, from both electrodes, favor the light 
efficiency of alternating flame arcs. As a result of using small cored 



carbons, the white-flame arc gives 50 to 100 per cent greater efficiency 
for photographic purposes on alternating than on direct current. 

The concjlusion is that the flame arc effectively utilizes a wide range of 
voltage conditions and has made possible a variety of new ai-c-lamp designs. 

Relation of Current to Efficiency. — Witli the pure carbon arc, using 
the proper sizes of carbons on cither direct or altcrTialing current, the 
light increases with the current as the 1.4 power. With flame arcs, the 
visual light incTcases with tlie (airrcnt to the l.b powe^r. 1''his exponent 
(1.6) also applies to the light from the magnetite arc. With flame arcs 
of the tungsten type, the data indicrite that the light in(;reascs as the 
square of the current. 

On direct current the photographic light incTeases as the current to 
the 1.8 power, while on alternating current the increase is approximately 
as the 2.2 power of the current. 

The relation of the photographic power to the current is shown in 
Fig. 23. The relation of visual light to the current of a yellow-flame 
enclosed arc is shown in Fig. 24 in the form of light distribution curves. 




Fig. 24. Candlepowcr Distributioti Curves with a Solid Flame 
Carbon Arc at Different Currents. 
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Importance of Arc Control. — Since the arc is characterized by a 
marked decrease of its resistance with an increase in current, the arc 
voltage also decreases. Hence, the maintenance of a stable arc depends 
very much upon the kind and amount of external resistance in series 
with it. This feature of the arc is an advantage from the standpoint 
of wide regulation but it is a disadvantage from the standpoint of the 
power lost externally to the arc in its current-regulating apparatus, 
called the arc ballast. On a multiple (‘ircuit, the arc ballast may con- 
sume 1 to 50 per cent of the total electrical energy used, depending on 
the kind of arc and ballast, while on a series (‘ircuit this loss is avoided, 
because of the constant (uirrent which is supplied l)y the generating 
apparatus. 

Arc Ballast. — On direct current, the an; ballast is usually a resistance 
wire with a low temperature coefficient of resistance, so that as the 
resistance heats up, the arc regulation will not change. If the resis- 
tance is arranged on a magnetic core, the steadiness of the arc is im- 
proved. 

On alternating-current circuits, reactance may be, and usually is, 
employed instead of the steadying resistance, and the waste of power is 
thereby greatly decreased. Of course, the power factor is less favorable 
with a rcactan(;e ballast. An important aspe(;t in d(;termining the kind 
of ballast which should be used in an arc is its effect on tlie (^ffic'iency 
of the arc itself. In the case of the carbon arc, the use of a reactance 
decreas(\s slightly the lumens f)er arc watt. The exact reverse results 
with the flame arc. The use of a reactance with a flame arc gives a 
considerably higher efiici(uicy of the arc itself than the us(' of a resistance 
ballast. 

Globes. — The use of glob(\s introduces two additional points of 
interest to the engineer: (1) the effect on the distribution of the light, 
and (2) the light absorbed (Table XVI II). Absorption of light by the 
globe has l)een a big ju’obhmi in air-lamp design be(‘aus(; the mineral 
products or asli from the (dectrodes must be prevented from depositing 
on the globe and thereby obscuring the light. A great deal of investi- 
gation was necessary to show how this could be done in the long-life 
flame lamps where operation was required for 100 to 200 hours. A 
complete solution was found in a cooling chambe^r or circuit above the 
arc and a means of keeping the glass globe hot. The latter was accom- 
plished by the simple devi(;e of using a second globe so that the air space 
between the two prevented the cooling of the inner globe. In all lamps 
equipped with glass, attention must be given to keeping this as clean 
as possible. 
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TABLE XVIII 

Ennccr of Globe on Lumens per Watt of Line Power 


Description of Light iSourco 

Lumens per Watt 

No Globe 

Fully 

Equipped 

Series open-flame vortical lamp on d.c., 10-amp., 43-v., pearl- 



white carbons . . 

120 0 

100.0 

Series open-flame vertic-al lamp on a.c., 10-amp., 35-v., pearl- 



white carbons 

62.5 

,50 0 

Multiple inclined-trim vol low-flame lamps on a.c*. or d.c., 



10 amp., 55-v., cored carbons. 


48 0 

vSeries open-flame vertical lamp on d.c., 6.6-amp., Boston-type 



cored carbons 


45.0 

White-flame sin^ile arc lamp, multiple, 2.5-amp., 110-v., with 



resistance, snow-white carbons. 

29 0 


Series inagnelitc* lamj), d c , 0.6 airif). 


17.0 

LonR-burning enclosed flame arc lamp, series street lighting, 



white 


17.0 

Series open carbon arc lamp, d.c., 9-amp., 40-v. . 

16 5 

14.0 

Series magnetite lamp, d c., 4 0-amp. 

13 0 

11 0 

Gas-filled incandescent lamps of 300 watts, fully equipped 



for street lighting 


9 5 

Series enclosed carbon arc lamp, a.c., 6.6-amp. . . 


6 0 

Multiple enclosed carbon arc lamp, a.c., 6.6-amp. . 


4 0 


Tlio etching or corrosion of globes by American carbons was 

decreased by the use of zinc oxide and lithopone in the carbons as basic 
(acid-neutralizing) materials. A very efficient absorbent for the corro- 
sive gases was discovered in fused boric oxide, which is now used in 
wdiite'-flarne street lamps. Thc' amount of material to be neutralized 
is only 0.003 gram ])or hour. 

Operation for Street Lighting. — For the open carbon arc, from 4 to 
25 lamps were opcu’ated in series on a 9.6-arnpere direct-current circuit, 
with a 45-volt difference of potential between the electrodes of each 
lamp. 

Higher arc voltages are necessary with enclosed than with open arc 
lamps, be(‘ause of the increased resistance of the arc stream and because 
the electrodes need to be farther apart to allow the light to escape. 
The electrod(\s of the enclosed arc lanij) burn with blunt, flattened ends 
which cause more shadowing of the light than is tl>e case with the more 
pointed electrode tips of the open arc lamp. The most common types 
of enclosed arcs operate on alternating current at 6.6 to 7.5 amperes and 
70 to 80 arc volts. The efficiency of sucli, lamps for producing light is 
one-third that of the open carbon ar^ lamps. This great loss in the 
efficiency of production of light is due to greater arc voltage (wasted in 
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the non-luminous arc stream), the lower current (efficiency is less at 
small currents), and the use of alternating current instead of direct 
current (alternating current is half as effective as direct current with the 
neutral carbon arc). 

A special direct-current circuit with merc^ury rectifiers is used as the 
source of power for the magnetite arc, because this arc is unsuitable 
for operation on alternating current. This is also essentially an outdoor 
lamp, because of the products containing iron oxides from the arc. The 
electrodes, composed of non-combustible oxides, give as long life as 
enclosed arc carbons and have as low a cost of trimming. The light is 
of much higher efficiemiy than the enclosed arc and has a high horizontal 
candlepower which is desirable for street lighting. 

About the year 1910, the first long-life enc^losed-flarne lamp for street 
lighting was developed. These lamps would oi)erate for 125 hours with 
a single carbon trim consisting of a | by 12-inch upper solid flame carbon 
and a 6-inch lower carbon. As with the en(;lose(l-arc lamp, carbon 
electrode economy is secured by using the upper stub for the succeeding 
lower trim carbon. A later niodcil of flame lamp was built, using I by 
14-inch carbons. These carbons give more light, longer life, decreased 
corrosion of metal and glass globe, and remarkable reliability and 
freedom from outage. 

Searchlight Construction. — In the searchlight, the principal object 
is to obtain a light source as small and as bright as possible at the focus 
of the parabolic mirror, in order that the si)read or angular dispersion 
of the beam will be as small and intense as can be obtained. It has been 
found that with a pure carbon shell and a whitcvflame cjore, the area 
of the positive crater is very much smaller than can be secured from a 
plain carbon; and the light -cunittiiig i)owcr per unit surfac;e is increased 
over threefold. The coml^inecl effect on the beam intensity is to give 
nine times as much light with less angular dispersion. 

The evolution of the scarc4ilight lamp has changed its weight from 
9000 pounds to 300 pounds for the new type. 

The diameter of the positive carbon for the 150-ampcre white-flame 
high-intensity lamp is only 0.63 inch as compared with the older type 
searchlight with ncutral-c-ored positive carbon having a diameter of 
0.29-1.50 inches. 

The high-intensity effect resides in a deep cup-shaped crater formed at 
the end of the positive flame carbon. The current goes to the bottom of 
the cup because the anode voltage to the flame corc^ is only half that of the 
pure carbon shell. The great density of energy of several kilowatts (150 
amperes at 40 volts) concentrated in about one cubic centimeter of white- 
flame vapor issuing from the core is the reason for high light emission. 
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Arcs -for Motion-picture Projection. — Three classes of carbons are 
used for motion-picture projection work — solid, neutral-cored and 
white-flame. 

Solid carbons have been used on low amperages both as positive 
carbons and as negatives. The neutral-cored positive is at present 
most widely used for motion-picture projection.’ 

The use of metal-coated negatives for direc^t-current motion-picture 
projection is an American invention, and is important because of the 
improvement in the steadiness and amount of screen light. Arc steadi- 
ness is improved by the us(' of this negative, because it is much smaller 
in diameter than the unplated negative formerly used. The negative 
crater is (confined to a smaller area. The arc voltage is redacted by 
about 5 per cent. The steadier arc and the decreascKl shadow of the 
smaller negative increase the screen illumination about 15 per cent for 
equal line power. 

A further increase in candlepower of 50 per cent can be secured by 
lamps burning the positive carbon in a horizontal position and about at 
right angles to (he negative. In this arrangement, the large positive 
crater is fully exposed and squarely faces the light-collecting condenser. 
Such right-angl(Ml operation is best accomplished with white-flame 
carbons. 

For alternating (uirrent, there are two kinds of carbon trims in use: 
(1) neutral-cored carbons, and (2) white-flame cored (carbons. Some of 
the advantages which result from the use of the latter as compared to 
rieutral-c^ored carbons are (1) quiet, steady arcs with (2) whiter light, 
and (3) higher screen candlepower. The pictures appear clearer and 
with mort* {)erspcctive. 

On direct current, the white-flame arc was slower in development 
but at jirescnt is making greater strides. The wliitc-flame high-inten- 
sity ])ositivc at 75 amperes gives about three times as much screen light 
as the ncaitral-cored ))Ositive of the size commonly used. The gain in 
eflPiciency with this light (!oni6\s from the higher cratc'i* brightness result- 
ing from the luminescent vapors in the positive cup and the right-angle 
position of the positive (larbon. The crater squarely faces the con- 
denser and is exactly placed at the best oi)ti(vil position. The operation 
of these lami)s is entirely automatic. 

Electric Incandescent Lamps 

[I. H. Van Horn] 

Manufacture. — llie industry of electric lighting may be said to 
have been born with the announcement in* 1879 of the success of a trial 
installation set up by Edison at his laboratory in Menlo Park, N. J. 
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Edison offered a lamp to meet a condition which he considered Essential 
to the success of electric lighting, namely, that the lamps operate in 
multiple so that the lighting or the extinguishing of one lamp need not 
affect the operation of any other. 

The lamp developed by Edison consisted of a filament of high- 
resistance carbon hermetically sealed in a glass bulb from which all air 
had been removed. The development of this lamp was very rapid. 
The modern carbon filament lamp, except for the raw materials and the 
processes used in the preparation of the filament, is essentially the same 
as the lamps installed in the Pearl Street Station of the New York 
Edison Company in 1883. The older lamp had for its filament a (carbon 
hairpin made from a strip of bamboo shaved down with a knife to a 
suitable size and carbonized after being bent to its final shape. The 
vacuum of the early lamps was slightly inferior to that obtained in the 
modern lamps. The filament of the modern 110- volt treated-carbon 
lamp is the carbon skeleton of a cellulose thread covered with graphitic 
carbon deposited upon it from decomposed gasoline. The 200-volt 
untreated-carbon filament lamps of to-day contain onb^ the carbon 
skeleton of (;ellulose. The gem lamp contains a filament of the same 
materials as the 110-volt treated-(‘arbon lamp, prepared in the same 
way but subjected to the intense heat of an electric furnace, both before 
and after the graphite coating has been appli(^d. The electric furnace 
treatment converts the filament, and especially the coating, into a 
different form of graphite which will withstand higlu'r temperatures 
than regular graphite and which is similar to a metal in its temperature 
coefficient of electrical resistance. 

The gem lamp was followed by the metal filament lamps- first, the 
tantalum drawn-wire, next the pressed-filament tungsten, and finally 
the drawn- wire tungsten filament lamp which has generally superseded 
the other types, due to its superiority in efficiency and general operating 
characteristics. 

The description of lamp manufacture which follows reft^rs especially 
to the drawn- wire tungsten filament lamj). These lamps arc divided 
into two general classes, vacuum and pas-filled. In the gas-filled lamps, 
the filament is usually coiled to redu(;e the energy loss from the filament 
due to gas conduction and convection. Fig. 25 is a sketch of a typical 
vacuum and a typical gas-filled lamp, giving the names of the lamp 
parts. 

The lamp produfition of the United States amounts to more than 
250,000, (X)0 lamps per year. A result of large-scale produ(;tion has been 
to establish special factories for producing lamp parts from the available 
raw materials. For example, glass works produce the glass parts, wire 
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works produce the filament and support wire, weld works produce the 
lamp leads, and base works produce the bases. The lamp parts are 
then taken to the lamp factory, where they are worked up into finished 
lamps. It is not within the scope of this work to give more than a brief 
sketch of the various steps in lamp manufacture. 


50 WATT-115 VOLT 
VACUUM LAMP 


150 WATT-115 VOLT 
GAS FILLED LAMP 



Brass Contact j 1 

1 Glass f ’ 

\ Insulation ) Base { 

Brass Contsict > 
1 Glass ^ 

. Insulation ( 





L Brass ScrewV i 

f Brass Screw / 

■ II in 



— — Button Rod 

- Button — 

Filament Supports 

Tip 



Glass Stem ■” 

Bulb Neck- 

■ Air Titrht Seal — 

- Lead in Wires — — 

Mica Disc. — ~ 

- -Filament 

Glass Bulb 


Fig. 25. Arrangement- of Parts m Vacuum and Gas-fillcd Lamps. 


Glass. — Glass is fundamental to the success of the incandescent 
electric lamp. In many resiwM*-ts it is an ideal material, for it is trans- 
parent; it (^an be readily worked into almost any shape; it is impervious 
to gases; it h/is high (dectrical and thermal resistivities; and it is rugged 
enough to withstand ordinary shocks. In the early days of lamp making 
the bulbs were blown without the aid of molds and accordingly individ- 
ual bulbs varied gn^atly in their dimensions. Bulbs are now blown in 
molds and the sizes and shapes arc within the control of the designer. 
The advent of the molded bulb made possible the elimination of much 
of the hand glass work formerly required in manipulating the glass in 
the subse(|uent o])erations of lamp making. The methods of drawing 
glass tubing were about the same up to a year or so ago as they have 
been for centuries, but tubing is now drawn automatically. The tubings 
and rods are carefully gauged and sorted into grqups of sizes and then 
cut in lengths suitable for handling and shipping. 

Tungsten Wire. — Since the advent of ductile tungsten wire, its use 
as a filament material has become almost universal. Tungsten metal 
was first isolated in 1783 but the metho’d of working it was not dis- 
covered until the present century. Tungstic acid of high purity in the 
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form of a yellow powder is reduced to metallic tungsten by heating to 
red heat in hydrogen gas. The reduced tungsten is in the form of a 
powder with a dark gray appearance. The powder is then formed into 
slugs about i to ^ inch square and 16 inches long, by placing it in 
separable molds and compressing it under high pressure so that the 
grains cohere. This slug is then placed in a hydrogen furnace at a 
bright-red temperature to produce a slight surface fusion. After this 
treatment the slug may be handled without danger of breaking and it 
is then placed in an enclosed bottle through which hydrogen is flowing, 
and is gradually heated to a high temperature by i)assing a constantly 
increasing electric current through it. The resulting slug is hard, 
dense, bright, gray tungsten, which is ductile. 

The treated slug is crystalline and the subsequent operations develop 
the groups of crystals into bundles of fibers by the hammering action 
of swaging machines and the stretching effect of dies. A tough fibrous 
structure results. Diamond dies are used in drawing the tungsten wire 
through its final stages. 7tie diamond dies through whicli the tungsten 
wire is drawn are set in iron so that they may be operated at red heat. 
Tungsten wire is hard and the dies wear rapidly, so that they require 
frequent polishing. 

Tungsten wire must be drawn in long lengths and to accurate sizes. 
Tungsten wire as small as 0.0005 inch in diameter has been produced. 
A quick method of ac^curately rating this wire is n^piired, and a simple 
method for determining the diameter is to weigh a (hdinite length of 
the wire. A torsion balance built on the principle of the Siemens 
electro-dynamometer, measuring torque in milligrams, has proved 
entirely adequate for rapid work. 

Tungsten wire in proper sizes is supplied to the lamj) factory ready 
for use for filaments and for filament supports. 

Lamp Leads. — TIk^ winis used for leading the current from the lamp 
base through the bulb to the filament are termed leading-in wires, or 
leads. These wires must make an air-tight seal with the glass and must 
remain tight under the changes in temperature and pressure which are 
met with during the life of the lamp. In early days, platinum was the 
only metal which filled these requirements. Platinum has never been 
very plentiful and the many fields for its use have resulted in making it 
a very costly metal. Just enough of it was used in a lamp to make the 
seal with glass. The inner and outer leads were welded to the small 
platinum wires. The engineers in the lamp industry early saw the 
necessity for a cheaper wire for making this air-tight seal, and as a result 
a number of substitute wires were developed which worked equally as 
well as platinum. The wire in general use for this purpose is a composi- 



STEM MAKING AND SUPPORT INSERTING 93 

tion wire made with a core of nickel-iron surrounded by a copper 
sleeve. 

Automatic machines have been developed which electrically weld 
the inner and outer leads to the seal lead. The weld works prepares 
leads of the sizes required for lamp use and supplies them to the lamp 
factory ready for use in lamps. 

Bases. — The lamp base is another very essential part of the lamp. 
Its function is to supply not only a mechanical means for supporting 
the lamp but also an electrical connection between the electrical supply 



Firj. 20. Fho(()p;niph of the Parts of a Lamp Showing Some 
of tlic Stages in Its Assernlily. 


line and the lamp leads. The brass parts arc punched out of sheet 
brass, shaped and pressed into glass which electrically insulates and 
holds them in position. The bases are all pressed in dies of proper 
dimensions in ord(‘r that the}" may fit standard sockets. The bases as 
shipped to the lamp facd-ory are ready to be put on the lamps. 

Assembling the Lamp Parts. — The lamp factory takes the various 
materials as r(x^(Mved from the parts divisions and assembles them into 
finished lamps. Fig. 2(1 shows some of the important steps in the 
assembly of a tyiiical lamp. 

Stem Making and Support Inserting. — The glass cane and tubing 
used in stem making are received from the glass works in about four- 
foot lengths. These are first cut to the desired length. The larger 
tube called the stem tube has a flange rolled on' one end. The stem 
parts, consisting of one cane glass, one stem flange, one exhaust tube 
and two lead wires, are assembled on a stem machine which fuses them 
together in the proper relation, resulting in the finished stern shown in 
the figure. The supports are then inserted by an automatic machine 
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which may be combined with the stem machine. The support wire is 
taken from spools, cut to proper lengths, the hooks formed and inserted 
into the heated cane glass. 

Filament Preparation. — The first step in filament preparation is the 
coiling operation. Tungsten filament wire of the specified size is coiled 
on a brass or iron mandrel wire on an automatic coiling machine running 
at from 5000 to 10,000 R.P.M. The job of coiling a wire of one to two 
thousandths of an inch in diameter requires a machine capable of very 
accurate adjustments, in order to insure uniform coils. In the case of 
a straight filament lamp, the length of filament wire is fixed by winding 
it on a special form which permits of high accuracy. It is much more 
difficult to control the filament length in a coil. The mandrel size must 
be held within close limits so that a given length of cut coil will result 
in a definite amount of wire per coil. After cutting the coils to the 
specified length, the mandrel wire is removed by dissolving in acids 
which do not attack the tungsten wire. The coils arc then put through 
a special cleaning solution and then thoroughly washed in water and 
dried, after which they are sintered for a few minutes in an electric 
furnace at 1150° C. in an atmosphere of hydrogen. The coils are then 
gettered either by spraying or dipping in a special chemical solution 
which adheres to the coil. After gettering, the coils are ready for 
mounting. 

Filament Mounting. — The next operation consists in draping the 
filament on the supports and attaching to the leads by pinching it in the 
lead hooks. Filament mounting is ordinarily a hand opcTiition on large 
lamps though in case of some of the miniature lamps it is done auto- 
matically. 

Sealing and Exhausting. — The completed mount is then sealed into 
a bulb on a semi-automatic machine. The bulbs as received from the 
glass works arc ready for the sealing operation, except for the mono- 
gram which is put on during sealing. The monogram includes not< only 
the trade mark of the manufa(;turer but also the label showing the 
wattage and voltage of the lamp. After the sealing operation is com- 
pleted, the sealed mount is transferred to an automatic exhaust machine 
which removes the air and moisture'from the heated lamp and finally 
tips it off. In the case of the gas-filled lamps, the specially purified 
filling gas is admitted just before tipping off. 

Finishing and Packing. — The exhausted lamp is next put on the 
finishing machine where it is l>ased, lead wires soldered to the base, 
lighted, inspected and then packed ready for shipment. The bases as 
received are put through the cement filling machine which automatically 
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lines the inside of the base with a coating of cement. The base is then 
placed over the stem end of the lamp and fitted into a holder which keeps 
the base in the proper position while the cement is being baked. Follow- 
ing the baking the lead wires are cut and soldered to the base. Then 
the lamp is lighted for the first time. In the case of a vacuum lamp, it 
is lighted in series with fixed resistances, to limit, the current during the 
period of chemical cleanup. The lamp is then finally inspected and 
packed. 

The quality of a finished lamp depends largely on the care and skill 
used in preparing the lamp materials and in assembling them into the 
finished lamp. Many of the processes must be controlled within very 
close limits. Absolute cleanliness is essential. A definite per cent of 
the packed lamps arc given a thorough inspection for both appearance 
and performance defects and if any serious irregularities are found, 
steps are taken to eliminate tliem from the product before the lamps are 
released for shipping from the lamp factory. 


Properties of Tungsten 


Temperature Scale. — A relation showing how the temperature 
varies with some arbitrarily chosen property of a material, e.g., resis- 
tivity, total emission per unit of area, brightness, constitutes a tempera- 
ture scale of the material. For filaments used as light sources, a scale 

candles 

relating temperatures in ° K. to brightness in is most appropri- 

ate. For tungsten such a calibration has been carried out on a tubular 
filament with small hok^s penetrating its walls. The radiations from 
the small holes were almost completely black and permitted the appli- 
cation of black-body laws in measuring temperatures corresponding to 
brightnesses, which were determined by ordinary photometric means. 
Variations in various properties of tungsten which depend on this scale 
are shown in Table XIX. The data in this table show among other 
things that (1) relatively the brightness increases much more rapidly 

than the temperature, i.e., much greater than unity; (2) that 

Bn / i 


(i R /d T 

this ratio, / -Fp i decreases with temperature; thus at 2000° K. a 

1 per cent change in T is accompanied by 12.3 phr cent change in 
while at 3(X)0° K. the change is 8.3 per cent; (3) that the total emission, 
E, varies similarly though less pronouncedly; and (4) that the luminous 
efficiency varies similarly and more pronouncedly. At 2450° K., the 
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approximate operating temperature of the 50-watt vacuum tungsten 

candles 

lamp, the values for E and c are respectively about 190 ^ > 

cm* 


64 


watts 
cm.^ ' 


and 10 


lumens 

watt 


TABLE XIX 

Data on Tungsten 

Applicable to wires at constant temperature throughout their lengths, 
mounted in vacuo 


T 

*K. 

Tc 

Bn 

Candles 

Tdlin 

E 

watts 

T dE 

P 

ohm- 

cm. 

T dp 

e 

lumens 

Tde 

1 

lo 

L 

//2460 


BndT 

EdT 

pdr 

edT 

LdT 

ern 

cm.'’ 

watt 

2000 

2038 

20 0 

12 28 

24 2 

4 86 

.04592 

1 200 

2 77 

7 42 

I 0088 


-51.6 

2100 

2143 

35 9 

11 74 

30 6 

4 81 

.04628 

1 200 

3 95 

6 93 

1 0094 


-48 9 

2200 

2248 

G1 4 

11 22 

38 3 

4 75 

04664 

1 200 

5 40 

6 47 

1 0101 

115 

-46 5 

2300 

2355 

99 8 

10 77 

47 2 

4 70 

0*700 

1 200 

7 15 

6 07 

1 0108 

15 1 

-44 4 

2400 

2464 

156 

10 33 

57 7 

4 65 

! 04737 

1 200 

9 15 

5 68 

1 0116 

2 40 

-42 3 

2500 

2575 

234 

9 93 

69 7 

4 60 

.04774 

1 200 

11 4 

5 3.i 

1 0124 

427 

-40 5 

2600 

2685 

344 

9 56 

83 3 

4 56 

04811 

1 200 

14 0 

5 00 

1 0132 

0891 

-38 8 

2700 

2705 

492 

9 21 

98 9 

4 62 

.04840 

1 200 

16 9 

4 69 

1 0140 

0209 

-37 2 

2800 

2908 

688 

8 88 

116 6 

4 48 

04887 

1 200 

20 0 

4 40 

1 015 

00589 

-35 8 

2000 

3021 

939 

8 58 

13G 

t 44 

.04925 

1 200 

23 4 

4 M 

1 016 

00182 

-34 4 

3000 

3137 

12.')5 

8 30 

158 

4 40 

.04964 

1 200 

27 1 

3 90 

1 017 

000576 

-33 2 


T refers to the true temperature in ® Kelvin (“ ContiRmiU* -| 273°). 

Tc refers to the color temperature in “ Kelvin (® Centigritclo + 273°). 

Bn refers to normal bnuhtneas The avorajso briKhtiiOHH taking account of all directions is about 
5 per cent greater. 

£? refers to radiation inton.'^ity. Strictly .spoaKing, owing lo disregard of thermal expansion, the 
unit 18 a watt per cm.- of surface as ineasurod .it room temperature 
p refers to resistivity. Strictly speaking, owing to disroganl of thermal expansion, the unit is an 
ohm-cni. with the meli^^UIement of length taken at room teinpornturo. 
c refers to luminous officiencv. Account has been taken of thermal expansion and of variation 
between normal brightness and average bright ne.ss 
l/lo refers to the length at. temperature T divided by the length at room temperature. 

LjLiAh^ refer.? to life at temperature T tlivided by life at 2450“ K. 


Color Temperature. — Tho experimental basis for the eoneept of 
color temperature is the fa(;t that the radiations of most iri(!aiidescent 
sources match in color tpiite (doscly with those from a black body at 
suitably chosen temperatures. Generally, if not always, the same inte- 
gral color for incandescent sources means tho same relative distribution 
of radiation in the visible spectrum. Accordingly, the color tempera- 
ture of a source is defined as the temperature of a black body which 
has the same spectral distribution of radiation through the visible 
spectrum as the sourcje in question. The matching may be performed 
integrally with an ordinary photpineter, or wave-length by wave-length 
with a spectrophotometer. 
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The color temperature of tungsten at 2450° K. is quite closely 2500° K. 
That tungsten at 2450° K. has the same relative spectral distribution 
throughout the visible as a blacik body has at 2500° K. is qualitatively 
shown in Fig. 6. That the relative distribution is actually the same is 
evident when the ordinate units /or the two curves are arbitrarily so 
chosen that they coincide at some 
wave-length in the visible. This has 
been done in Fig. 27 in which the 
spectral energy curves of tungsten, 
untreated carbon, and a black body 
at a color toinperature of 2200° K. 
arc shown. 

Certain substances have spectral 
luminosity curves which differ so 
greatly from black-body curves that 
color temperatures c-aniiot be as- 
signed to them. 

Radiating Properties. — As shown 
in Fig, 6, the spectral energy (*urve 
of tungsten at 2450° K., the approxi- 
mate normal operating tfunperaturo 
in the vacuum lamp, is much like that for a black body at the same 
temperature. Certain differences are evident, however: 

(1) The wave-length of maximum emission intensity, for tungsten 
is slightly less than for a black body. It is at 1.15/z instead of 1.18/x; 

(2) The sf)(H*tral (unissivities of tungsten progressively decrease in 
j)roceeding to longer and longer wave-lengths. Thus at 0.6/x, l.Og, 
2.0/i and 4.0^, they are 0.41, 0.83, 0.2G and 0.19, respectively. This 
jn-ogressive change is the cause of the difference in \fn just previously 
rioted and shows also that tungsten filaments belong to that class of 
non-black bodies which radiate selectively. For light production, this 
selectivity is distinctly favorable. 

Variations in the radiating profierties with temperature arc shown 
by the emissivity curves of Fig. 28. The total emissivity curve shows a 
marked variation with temperature; starting at about 10 per cent at 
1000° K., it increases to about 31^ per cent at the ordinary vacuum- 
lamp temperature of 2450° K. and to about 38 ])er cent at the melting 
point, 3655° K. This change is in considerable part explained by the 
shift in the center of the spe(4ral energy curve from the far infra-red 
where the spectral emissivity of tungsten Is relatively low to the near 
visible where the spectral emissivity is relatively large. The average 



Fig. 27. Spoctral Energy Curves for 
Tungsten (A), Black Body (B) and 
Untreated Carbon (C) at a Color 
Tcnij)erature of Approximately 
2200° K. 
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visible emissivity, on the other hand, shows a slight decrease with 
increase* in teinf:)craturc, changing from about 50 per cent at 1000° K. 
to about 42 per cent at the melting point. This gradual approach of 
the two emissivitics as the temix^raturc is increased indicates that the 
favorable selectivity of tungsten becomes relatively less important as 

the temperature increases. At 
temperatures above 4500° K., the 
temperature at which the two 
emissivity curves arc assumed to 
cross, the selectivity of tungsten 
would be a disadvantage in light 
prodiKition. 

The above analysis by spectral 
(*nergy curves and emissivitics 
gives a. (*omplete statement of 
the selectivity of the radiation. 
A briefer but still important 
statement of the s(4e(^tivity from 
a light-production standpoint is 
(‘ontained in the color tempera- 
turci — true temperature relation. 



Fig. 28 . 


Spectral and Total Enussive 
Powers of Tiingst;('n. 


Where the color temptaatun* diiTers from true temperature, there is 
necessarily selectivity of radiation. If the (‘olor t.caiifXTatiirc' is the 
greater, as in tungsttai, tlu^ (*missiviti(\s for the? shorter visible 
wave-lengths are gn'atc'r than for tlu^ long(*r wav(*-lerigtlis. If this 
decrease in emissivity with increase in wave-length j)ersists into the 
infra-red, as in tungsten, tJie body poss(‘sses a, favorable radiating 
selectivity. If tin* t(*n(l(*ncy is the opi)Osit(‘, tlu* selectivity is unfavor- 
able. Other things being the same, th(^ gn'at,(‘r the difference between 
the color and the true tenif)cratures, the* gn^ater the ftivorablcness or 
unfavorableness. Unfortunately, the color temperature — true tem- 
perature data are at j)r(‘S(ait (juite meager for substan(x*s other than 
tungsten and do not permit illustTations of this })oint. Values for 
tungsten are includcMi in Table II. ^ 

Resistance to Vaporization. — Data on the vaporization of tungsten 
(Table XX) were obtained by measuring the loss in weight of various 
filaments which were operated at various temperaturc^s in vacuo for 
different l(*ngths of time. These losses in w(*ighl, combined with the 
initial dimensions of the filaments, the density of tungsten, and the time 
of operation, yield directly, for the temperature con(x*rned, the rate of 
vaporization, a (piantity expressible in grams per squares centimeter. 

That vaporization is the principal factor in the life of tungsten lamps 
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has been thoroughly demonstrated. Table XX includes among other 
things the rate of vaporization of the lamp filament at normal tempera- 
ture and at the temperature used by certain manufacturers in testing 
their product, and the lives of these lamps as d(itcrmincd by ex})crience. 
The relative decrease in life resulting from the increased temperature 
is quite (closely the same as the relative increase in the rate of vaporiza- 
tion. The very close agreiement is taken as evidence of the predominat- 
ing importance of the vaporization factor. 


TAHJ.E XX 

Data Showing Rklation Between the 1^ vie of Vapouization of Tungsten 

AND THE lilFE OF A ()0 -WaTT ^rUNGSTEN LaMP 


Condition 

Fi fliciencv 
Avoiano 

True 

Ternpeijiture 

(Avoiase) 

J-ife 

Tiute of 
Vaporization 

Normal 

10 

wa( (, 

2437” K. 

Ovc'F 1000 hours 

7.2.>X10-'o ™ 
cm.** sec. 

Test 

13 3 

25(>3"' K. 

130 hrs. to 140 hrs. 

5.50X10*-® 

Ratio 



7.4 

7.6 


Superiority as a Filament Material. - - 1 n fixing upon a suitable 
material for n lamp filanioni, there an^ several questions to be (‘onsidcred. 
Of those involving })hysical })rop(‘rties, (everything simmers down 
chiefly to th(ur contri])utions toward the amount of light that may be 
obtained when constructed in conveni('nt-sized units for a. given input 
of energy and, to sonu' extent, to the spectral character of the light 
emitted. In comiiaring dil'hTent materials consideration must not 
only be givem to the radiating select ivities at any given banix^rature, 
but also to the practical t-(an[)(‘ratun‘s of operation. 

At present, because^ the temjierature scales for otluu’ mat('rials than 
tungsten are not known, it is not [lossible to compare selectivities at a 
given true temperatui’C. However, in conscHpauice C3f the ease of making 
color matches, it is possibk' to make a comparison of radiating proper- 
ties, showing selectivities under the conditions of the same color tem- 
perature. ^I'able XXI finis shows the lamp efficiencies for various 
incandes(;ent sources at color tempcTaturc'S ITOO"^ K. and 2100° K. A 
difference in efficiency at c^olor match is jiositive evidence of selectivity 
of radiation, since evidently the differences can only be due to a failure 
of the spectral energy curves as plotted in Fig. 27 to coincide in the 
infra-red. Lacking data on comparison,s at*the same true temperatures, 
one may take, for purposes of comparison, as a measure of selectivity 
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the ratio where €o and e represent respectively the efficiencies 

Co 

of the black-body and of the source in question at the same color tem- 
perature. This method of expressing selectivity is of considerable value 
in that one can tell at a glance how different sources range themselves 
as to favorableness in -light production. 

Table XXI shows an increasing selectivity from the black body to 
osmium. It is to be noted that the positions of the black body, un- 
treated carbon, and tungsten arc consistent with the results plotted in 
Fig. 27, and that while tungsten is very favorably selective, osmium is 
more so. The fact that tungsten is used commercially to tlie exclusion 
of osmium rests upon other j)ropcrties. 


TABLE XXI 

Data Showing Radiation Selectivities ok Vauious Sources at 
Two Color Temperai'ures 


Source 

Tc ^ 1700® 

K. (approx.) 

Tc = 2160“ 

K. (approx.) 

F-ilTujioricy 

LunieiiH 

Selectivity 
in Per (kuit 

Efliciencv 

T^uiiiens 

Selectivity 
in Per Cent 

Wall 

Watt 

Black body (coniputod) . 

0 .TS 

00 

2 8 

00 

Untreated carbon 

0 39 

IS 

3 5 

25 

Flashed carbon 

0 41 

21 

3 7 

32 

Graphitized carbon (gem) 

0 11 

24 

3 7 

32 

Tantalum . . 

0 50 

51 

3 9 

39 

Tungsten 

0 59 

78 

1.1 

57 

Osmium 

0 72 

118 

4 9 

75 


The great determining factor in favor of tungsten as a filament 
material is its low rat(^ of vaporization, a faert probably connected with 
its very high melting-point temperature, 305.5” K. This means that 
for the same length of life tungstem may be operattnl at a much higher 
color temperature, as well as true X(‘mperature, than is possible with 
osmium, for instance. The increased luminous efficiency that comes 
with this increase in temfieraturc much more than offsets the more 
favorable selectivity of osmium. To illustrate, compare tungsten and 
graphitized carbon, a material which was used extensively in the gem 
lamp. Table XXI shows that at 2100” K., the approximate operating 
color temperature of the gem lamp, tungsten has the advantage in 

selectivity of ^ about 20 per cent. With each 

“T~ U.O^) 
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at its normal operating temperature, the selectivity factor is reduced to 
about 15 per cent. However, under those conditions — the life of the 
carbon filament is then only half that of the tungsten filament — their 

efficiencies are respectively about 4.2 and 10 , or about 

watt watt 

140 per cent excess in favor of tungsten. Of this 15 per cent is ascrib- 
able to selectivity and the remaining 125 per cent to its lower vaporiza- 
tion rate. 

This same temperature factor, in case it shall ever be found practicable 
to make carbon filaments which can operate for the same life at a 
sensibly higher temf)erature than is possible for tungsten, may in a 
similar way overcome the more favorable selectivity of tungsten and 
lead to the adoption of carbon as a filament material for vacuum in- 
candescent lamps. 


Testing 

The main purpose of testing lamps is to determine their life-perform- 
ance characteristics. Under life performance of lamps, some of the 
factors that should be considered are initial rating, lumen maintenance, 
burn-out life and mechanical hardness. 

The initial photometri(; rating of the lamps gives the amperes, lumens 
and lumens per watt at labeled volts, and tells whether the lamps come 
within the allowable limits for these quantities. After the lamps have 
been rated, they arc usually put on test at cither labeled volts or at the 
volts for some dc^finitc lumens per watt. The lamps are measured at 
various intervals during life to determine how well they maintain their 
lumen and (current values, llie ideal lamp from the standpoint of 
performance is one that remains in service for its rated hours of life and 
maintains its lumen and current values constant. This ideal is seldom 
realized in practice and the tests serve to measure the departure from 
this ideal. 

It is not essential to have an elaborate equipment for conducting 
lamp tests, but what is used must fulfil certain fundamental require- 
ments. The photomett^r, the test racks, the electrical supply and the 
control apparatus should be reliable and of known accuracy, so that 
the proper use may be made of the test results. 

Photometers. — Lamps are rated both initially, and during life on 
photometers, and unless the measurements are carried out with reason- 
able care, the results are likely to be miskjading. At the present time 
the sphere has almost entirely superseded the ordinary bar photometer 
for incandescent lamp testing. The spheres in use vary in size from 
about 30 inches in diameter for miniature lamps to 100 inches for large 
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lamps and extended life testing. In general, the contrast type of pho- 
tometer head is employed with the sphere, and together with the com- 
parison lamp is mounted in an enclosed box. The photometric setting is 
made by changing the distance of the comparison lamp. The standards 
are rated in lumens and preferably should be of the same type as the 
lamps to be measured. In life testing, in particular, they should be 
checked frequently. Absorption strips and colored glasses are employed 
to overcome the color difficulties and extend the range of the instrument. 
The sector disk is also used for the latter purpose. The employment of 
skilled operators, who are thoroughly familiar with the use and main- 
tenance of the apparatus, is essential for reliable results. 

Test Racks. — A test rack should be so constructed that the voltage 
at the socket can be controlled. To accomplish this two methods are 
in common use: either a small transformer for each individual (;ircuit 
containing from one to ten lamps, or a large transformer with taps for 
the different voltages recpiired. Additional range is sometimes ob- 
tained by inserting resistance in series with each socket. Spacing is 
determined by considerations of convenience, and th(i iie(*.cssity of 
keeping down temperature. It is desirable to keci) the voltage drop 
in the sockets and lines down to a low value so that the voltage at 
individual sockets may be fairly constant even under different loadings 
of the ra(;k. The test rac^k should provider some fi(‘xibility as regards 
the position of lamps. Those that are meant for tij^up burning should 
be tested tip-up; those that are to be used in enclosed units should be 
tested in enclosed units. 

Electrical Supply. — Owing to the quite general adoption of alternat- 
ing current for commercial servi(rc, it is common to us(i alternating 
current for life testing. For ideal testing conditions, the voltage at 
the test socket should be maintained constant throughout the test. 
The limits within which the voltage (!an l>e maintaiiKMl dc^pend upon 
the equifanent provided. As i^ractically no commercial supply is 
constant over an extended period, it is generally desirable to provide a 
separate source whose n'gulatioii can be controlled by the oi)erator. 
If a large number of lamf)s are to be tested, the problem of electri(;al 
distribution is important. For convenience in testing, the voltage 
drop between the center of distribution and the t(\st sockets should be 
small, to avoid the necessity of large cornadions. The maximum 
variation of voltage at the test socket may be easily kept within a volt 
for a well-designed and well-maintained equipment. 

Control Apparatus. — A very essential piece of equipment for accurate 
life testing is a high-grade time-clock, which will enable the computation 
of the total number of hours that the life-test racks operate during any 
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period. The time at which lamps are put on or taken off is stamped in 
the usual manner. By the use of suitable electrical equipment the 
clock can be made to run only when the racks arc in operation. 

Accurate electric meters should be provided for checking the con- 
stancy of the electrical supply. Provision must be made to prevent 
over- and under-voltage on the test lamps. This may be accomplished 
by the use of suitable over- and under-voltage relays. 

Methods of Testing. — The numl)er of lamps required to give repre- 
sentative test results obviously dcj)ends on the uniformity of the in- 
dividual lamps. Anyone with experience in lamp testing knows that 
lamps may vary considerably in their individual performance, and for 
this reason it is customary to life-test at least five lamps from any single 
group. Some particularly large users of lamf)s buy tliem under speci- 
fications and make acceptance tests on a small percentage of the lamps 
purchased. However, the average customer malvcs no special test of 
lamps. His judgment of their quality is based on the servicx^ which 
thej^ give. The lamp manufacturer finds it is desirable to make tests 
of his own product in su(‘h (piantities that he may satisfy himself as to 
the merits of his output. It is sound business for him to delivc^r a 
product whi(‘h fully lives up to the standard which he advertises. 

It is desirable to test lamps under conditions approximating the 
service reciuirements for the tyi)e of lamp involved. Lamps designed 
for constant-voltage scirvice should b(i tested on constant-voltage cir- 
cuits; lainjis for constant-current s(irvi(*e should be testcnl on constant- 
current circuits; lamps for series burning should be tested in series. 

One drawback to making lik) tests is that it takes a long time to 
complete the tests under normal (conditions of burning. An analysis of 
a large number of life tests has shown that there is a fair!}" definite 
mathematical rclalionship Ix^tween the lives of lamps operated at 
diffenmt efficiencies. Thus, if tlie life at one efficiency is known, it is 
possible to compute the probable life at some other (‘fficiency after 
having once determined the mathematical constants involved. This so- 
called life-effi(ciciicy characteristic is commonly expressed by the equa- 
tion 

In ^ 

L, \kJ 

where Li and are the lives at Ei and E 2 lumens per watt respectively 
and h has a value which is determined b}^ a large number of actual tests 
at different efficiencies, and may range from 0.5 to 7.5 for the ordinary 
lamps. 

By testing lamps at a high efficiem^y, it is possible to complete a 
life-test in a comparatively short time. This is referred to as forced 
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testing. Thus a lamp which would require 1000 hours’ burning for 
test at normal efficiency can be tested in from 100 to 200 hours by raising 
the voltage approximately 15 per cent. The chief argument for forced 
tests is the saving of time ; the argument against it is that the exponent, 
bf which has been determined, is an average value and may only be 
approximately corrcc^t for the particular test involved, and, as a result, 
the interpretation of the results may be in error. Normal efficiency 
tests are preferable and should always be used as a final criterion of 
lamp quality. 

Records. — In any system of lamp testing, the lamps tested should 
be so marked that there is no possibility of a mistaken identity during 
the period covered by the test. Paper lal)els are not satisfactory for 
this purpose. Etching inks provide a very j)crmanent marking. The 
records kept should furnish a complete history of (jach lamp during the 
test. The records should be permanent and readily acc(‘ssiblc, so that at 
any future date they may be referred to in compiling lamp information. 

Evaluation of Results. — Much of the value to l)o ol)tained from life- 
tests may be lost unless they are analyzed and evaluated. The value 
of a lamp for producing light is a function of total life, initial efficiency, 
and average efficiein^y during life. In general, the lamp which main- 
tains the highest average effi(*i(nicy for .a givtai nunilx'r of hours total 
life is the best lamp. It must be borne in mind, howewer, tliat lamps 
which may perform well in one servicx^ may i)rov(' wholly unsatisfactory 
in another, owing to the special conditions whi(‘h may (‘xist.. There- 
fore, in any interpretation of results, it is very imi)ortaiit to state the 
conditions and limitations of the test. 

Characteristics of Incandescent Lamps 

Characteristic Curves. — Increasing tlie voltage of a lamp results in 
higher filament temperature, a liigher light output, a higher wattage 
input, and a shorter life. The light output iruTcases at a higher rate 
than the wattage input and, therefore, a higher lumens per watt is 
obtained. The variation of amperes, watts, ohms, lumens (candle- 
power) and lumens j)er watt with' varying volts can be determined 
experimentally on a jjhotomcter. Such values plotted on (coordinate 
paper produce smooth curves which arc roeferred to as the (characteristics 
of incandescent lamps. Fig. 29 shows a tyi)ical set of these character- 
istic curves for a vacuum tungsten lamp. 

The 100 per cent values on these curves arc th(c values at 10 lumens 
per watt, which is usually "taken as the normal operating efficiency of 
vacuum lamps used on multiple circuits. The operating characteristics 



CHARACTERISTIC EQUATIONS 


105 


of gas-filled lamps vary slightly because of their different forms of 
filament construction, but for most practical purposes the above curves 
for the vacuum lamps may be used for the gas-filled. 

It will be noted from these curves that a 10 per cent increase in volts 
corresponds to a 4 per cent increase in ohms, a 6 per cent increase in 



amperes, a 10 per cent increase in watts, a 20 per cent increase in lumens 
per watt and a. j)cr cent increase in lumens (candlepowor). These 
curves arc logaritlmiic functions and can l)e expressed in the form of 
exponen ti al eq u at ions . 

Characteristic Equations. — To determine these curves or equations, 
rneasurenKuits of amf)eres and lumens at different voltag(\s arc made 
on a photometer. Th(* relations betw^ccn amperes and volts and be- 
tween lumens and volts are, therefore, the fundamental charact/cristics 
from which the relations of ohms and A^olts, watts and volts, and lumens 
per watt and volts are derived. Eejuations expressing th(^ relations of 
these various (piantities for vacuum tungsten lamps have been worked 
out by several investigators, but those given in Scientific Paper No. 238 
of the Bureau of Standards are generally accjeptcd as the most satis- 
factory for use over wide ranges of .voltage. The equations are as 
follows: 
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TABLE XXII 
Charactekistic Equations 

2/1 = 0.918x2 _ 2.009 X + 0.07918 
2/2 = -0.946x2 + 3.592 X 
2/8 = -0.028x2 + 1.583 X 
2/4 = -0.028x2 +0.583 X 

where x = log voltage ratio 

2/1 = log actual watts per candle (w.p.c.) 

2/2 = log candlcpower ratio 
2/3 = log wattage ratio 
2/4 = log current ratio. 

A set of tables taken from this Scientific- Paper will b(' found at the 
end of the present (diapter. If the fundamental quantities are known 
at one voltage, they may be found, by means of the^sc tables, for any 
other voltage. In ordinary commercial pra(*tice the fundamental 
equations are usually expressed in the following form: 



in which 7i, L\ and Vi are values of amiien^s, lumens and volts re- 
spectively at some ref(*reiK*c (dficiency, and hy Li and are the; (*orre- 
sponding values at some other efficiency. Th(' exj)on(uits, / and /c, arc 
constants whose values depend upon the fundamental efficiency chosen 
and the ty{)e of lamp involved, and the ccpiations are corrc'ct only for 
small change's in voltage. For regular tungsten vacuum lanqis, the 
values of I and k are approximately 0.58 and 3.01 resiiectively, when 
referred to a fundamental efficiency of 10 lumens per watt. Having 
once (leterniiiied the values of these ex])on(uits, it- is possibles to compute 
from equations (1) and (2) the values of amperes and lumens for any 
voltage within 5 volts (or 10 if too great actairacy is not needed), pro- 
vided the amperes and lumens at some one voltage are known. For 
instance, if a certain lanq), operated at 115 volts, takes 0.43 ampere 
and gives 480 lumens, what would be. the values of amperes and lumens 
if the lamp were operatiKl at 110 volts? Rubstituting the known values 
in equations (1) and (2) 



• 480 W 

Ls [no) 
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and solving these equations for and L 2 it is found that 

h = /i 25 ^ " . 5 « = ampere, and Lz = = 412 lumens. 

(rioj (iToj 

The cfficiciicy-voltage characteristic derived from the fundamental 
relations of equations (1) and (2) is very commonly used and is given 
in the equation 



where Ei and E 2 are the lumens- per- watt values obtained at voltages 
Vi and V 2 respectively and g is an exponent which may be derived from 
the values of the t and k exponents of equations (1) and (2). 

Resistance Curves. — In comparing the (characteristic curves of 
tungsten filament lamps with those of carbon lamps, a considerable 
difh^reiKcc^ is noted. The differcmces in clecctrical-n^sistaiKce character- 
istics are most marked. h"ig. 30 shows typical ncsistance curves for 
untreated carbon, treated (carbon, metallized carbon (gem) and tungsten 
lamjxs. The untreated and treated curves show decidedly negative 
temfKcra-ture coeflicierits of n^sistaiice, whereas the metallized carbon 
and the tungstcui curv(is show de(cid(3(IIy positive toinj)erature coeffi- 
cients. Tiic ratio of hot to t old ncsistance is approximately 0.55 for 
untreated carbon, 0.50 for tncated carbon, 1.43 for metallized carbon 
and 13.0 for tungst(in. The effect of these diffcnuicc^s is wery noticeable 
in the operation of tlie diftenmt lamps. With untreated and treated 
carbon lamps, the initial (current when full voltage is applied is less than 
normal, whereas with the tungsten filament lamp it is many times the 
normal value. It is (commonly known that a tungsten lamp comes up 
to full brilliancy much (piicker than the carbon lamp of equal wattage. 
The reason for this is that the initial rate of energy input is greater for 
the tungsten lamp. The overshooting of current in tungsten lamps is 
ordinarily of such short duration Unit the fuses in the circuit do not fail 
even though their continuous rating is greatly exceeded. 

Overshooting in Candlepower. — The impression has prevailed 
among a good many people that the tungsten lamp overshoots in candle- 
power. Accurate observatiems indicate that there is no such over- 
shooting in the ordinary vacuum laiuj) and that the af)parent mo- 
mentary increase in tiie filam(3nt brightm^ss is an optical illusion. A 
consideration of the instantaneous values ctf current and voltage show 
that it is not possible in this lamp to heat the filament above its 
normal temperature. As the filament comes up to temperature, the 
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filament resistance increases and cuts down the current so that when 
the filament reaches its normal temperature the wattage input is also 
normal. 



Fio. 30 . IleHisiaiH^e ( /Iiaract^ristics of Inciindosront Lamps. 

There are some sj)eeial cmiditions which make it possible to get an 
oversliootiiig in caiicllepow(;r. For instance, a kimp which operates 
normally with a relatively li,igli voltage drop in the leads in proportion 
to the voltage on the filament may produce sutdi a condition because of 
the slowness with which the leads come up to their operating tempera- 
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ture. When the lamp is cold, the voltage drop in the leads is small 
on account of the relatively low resistance of the leads. On throwing 
the lamp in circuit, the filament heats up more rapidly than the leads 
and consequently a greater proportion of the voltage is impressed on 
the filament than is normal. In the gas-filled lamp, the gas within the 
bulb normally operates at a pressure considerably higher than the 
pressure at room temperature. The gas and the parts in the lamp heat 
up much more slowly than the filament; therefore, the filament has 
an opportunity to burn in a gas at much lower pressure than it does 
under the steady burning condition and may produce an overshooting 
in filament temperature. When the parts of a lamp are cold, more heat 
is conducted away from the filament at the points of support and may 
result in overheating the unc^oolcd portions. 

Effect of Line-voltage Fluctuations. — The tungsten lamp is less 
affected by poor line-voltage regulation than the carbon lamp, because 
a given change in voltage makes less change in the wattage input of 
the tungsten lamp. As has been mentioned previously, the tungsten 
filament resistance increases with increased applied voltage, whereas 
the resistance of the (jarboii filament is almost constant in the operating 
range. An increase of 10 per cent in volts would cause an increase of 
10 per cent in watts for the tungsten lamp as (compared with a 21 per 
cent increase in watts for the (carbon lamp. At 50 per cent volts the 
tungsten lamp would take 33 per cent watts as compared with 24 per 
cent for the carbon lamp. Thus at low voltages the tungsten lamp 
gives appreciably more light tlian the carbon. 

Flicker. — A large })er(*eiitag(^ of the incandescent lamps in use are 
burned on GO-cyclc alternating-current circuits. There are localities, 
such as the Niagara Falls district, however, where 25-cycle current 
predominates. It is general (experience that the lower-wattage tungsten 
lamps show flicker on 25-cycle circuits. 

The filament of the 25-watt tungsten lamp is about 0.001 inch in 
diameter and its heat (*apacity is v(‘ry small. Measurements of the 
instantaneous c^andlepower for the 25-watt lamp on 25-cycle current 
show a variation in candl(q)ower of 30 per cent above and below the 
average. This variation is sufficient to cause visible flicker under 
ordinary conditions of illumination. Flicker is much more noticeable 
at low intensities. C\'irbon lamy)s show much less picker than tungsten 
lamps of the same candlof)owcT, because the filament is larger in the 
carbon lamp of corresponding candlepower. None of 'the ordinary 
lamps show visible flicker on (iO-cycle current. 

The rapid cooling and th(^ quick hep^ting of small tungsten filament 
lamps make them especially suited for flashing signs. During the 
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recent war, special lamps were designed for sending Morse code signals. 
The highest-speed lamp for this service was found to be a lamp with a 
very thin tungsten-ribbon filament operated in a hydrogen atmosphere. 
Hydrogen has the highest heat condu(!tivity of any of the gases. 

Reduction in Rate of Vaporization. — That the introduction of a 
chemically inert gas into an incandescent lamp reduces the rate of 
vaporization of the filament is easily shown. The operation of two 
tungsten lamps which arc identical in construction except that one is 
a vacuum lamp and the other a gas-filled lairip at the same very high 
temperature gives convincing visual proof. A few minutes of opera- 
tion at a rightly chosen temperature will cause considerable blackening 
of the bulb of the vacuum lamp without appreciable blackening of the 
other. It is as though the vaporization of the filament, which consists 
of the escaping of the filament material atom by atom, were hindered 
in the gas-filled lamp by the surrounding gas, in that the escaping 
atoms, before being well freed from the filament, or more precisely from 
the thin enclosing layer of saturated vai)or of the filament material, 
were to a large extent drivtm back by tlie bombardment of tlui surround- 
ing gaseous molecules. In consequence of this, the filament for a given 
rate of vai)orization or life may be opcratcal at a much higlier tcm[)era- 
tur(i iji the gas than in vacuo. This reduction in the rate for a given 
temperature for ordinary argon-filled lamps is of the order of 1:100. 
Thus, if the gas were removed from a gas-filkal lamp and the filament 
still operated at the same higli temperature, a life of about 10 hours 
instead of lOOO liours would be exj)ectcd. 

Gas Loss. — That a v(‘ry apprecialde gaseous conduction loss occurs 
in gas-filled lamps is also n^adily shown. Tiie simplest test consists 
in touching cautiously witli the finger th(^ bulbs of lighted vacuum and 
gas-filled lamps of approximately the same wattage. Th(^ burning 
sensation lik(dy to follow too long contact- with the gas-filled lamp in 
contrast to that of moderate coolness for the vacuum lamp is first-hand 
evidence that energy is conveyed from the filament to the bulb in the 
gas-filled lamp by a method entindy absent or of little effect in the 
vacuum lamj). 

A second test for gas loss, which is of a visual character, yields equally 
striking evidence. Two lamps, ditfiTing only in that one is gas-filled 
while the other is evacuated, lighted up by means of the same current, 
show a considerables difference in filament brightness, the filament in 
vacuo being the brighter. The reduced brightness of the gas-filled 
lamp is a result of the added method of disposing of the energy supplied. 
The contrast becomes more And piorc noti(;eal)le as the current through 
the lamps is reduced. If another similar pair of lamps with a very 
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different sized filament be similarly operated, it will also be evident 
visually that the smaller the filament, the greater is the gas loss measured 
in per cent of the total input of the lamps. 

This dependence of gas loss on filament size is shown in Fig. 31. 
The plot shows, for instance, that a straight 5 mil (0.005 inch) tungsten 
filament at 2445° K., operated successively in vacuo and in nitrogen at 
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Fig. 31. Diagram Shewing the Kffccls of the Gas Condu(;1ioii and Goiivcetion 
Losses in (his-filled Tungsten Ijamps on their Efticicncaes when Operated at^ 
2445” K (tlic uni)rimcd letters) and at 2885” K (pruned Udters) in Nitrogen 
(a, a'), Argon (5, b') and Mercury Vapor (c, c/), All at Atmospheric Pressure, 
as Compared with their Operation m Vacuo (d, d'). 


atmospheric firessure, gives efficiencies of 10 and 4.9 lumens per watt 
respectively. In order that the temperature and consequently the. lu- 
minous flux shall be the same, the wattages supplied must be in the ratio 

of 1 to or of 1 to 2.04. In the nitrogen-filled lamp, the energy carried 

away by condu(‘tion and convection is slightly greater than that which 
is radiated. For a 50 mil (0,050 inch) filament under the same condi- 
tions the corresponding supply wattages vary as 1 to 1.18. The watt- 
age loss due to gaseous conduction is ^nly IS per cent of the wattage 
needed for maintaining the radiation. In per cent, the gas loss for the 
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smaller filament is about 5.6 times that for the larger filament. 
Similar effects are to be noted in connection with argon and mercury 
vapor. 

The differences in the percentage gas losses for different sized fila- 
ments are connected with the divergences in the stream paths of the 
heat conducted away. . Consider two cylindrical filaments, respectively 
1 mm. and 1 cm. in diameter. The stream paths for pure heat conduc- 
tion, the main method by which heat energy is removed from the 
immediate neighborhoods of the filaments, are prolonged radii of the 
filaments. Relatively, they diverge rapidly from one another near the 
small filament and slowly near the large filament. The rates arc as 10 
to 1 per mm. of stream path. In a simple way, it may be said that each 
unit of heat energy conducted away from the small filament lias a much 
larger space in which to be disposed of than has each unit from the large 
filament. From each clement of surface of the smaller filament, heat 
is conducted away more rapidly than from an equal element of surface 
of the larger filament, and thus the percentage gas loss for the smaller 
filament is the greater. 

An obvious way of reducing these losses, when the small filaments 
of common commercial lamps are used, is to form them into helix- 
shaped coils. Thus, in the commercial 75-watt, 110- volt, argon-filled 
lamp, where a 2.2-miI filament is formed into a coil with an 11-mil ex- 
ternal diameter, the perc^eiitage gas loss as a first a!)proximation is 
reduced by the coiling from that corresponding to a straight 2.2-mil 
filament in argon to that corresponding to a straight 11-mil filament in 
argon. At 2885^ K., as shown by Fig. 31, the gas loss is thereby re- 
duced from about 45 per cent to about 20 per cent of the input. There 
is a corresponding but not equal gain in efficiency. In effect, without 
greatly changing the size of a filament or of the current and voltage 
required for a lamp of given wattage, the gas loss is materially reduced. 
It might be expected that in practice the coil diameters could be made 
larger than they actually are and the gas loss still further redu(^ed. 
Rigidity considerations, however, impose a limit from this point of view. 

\Yith increase in operating temperature, there is an increase in 
absolute amount both in the wattage necessary to maintain the radia- 
tion and in that necessary to offset the gas-conduction loss. However, 
that portion which maintains the radiation increases the more rapidly. 
In consequence the gas loss becomes relatively less important at the 
higher temperatures. Thus, for 5-mil and 50-mil filaments in nitrogen 
at 2885° K., according to Fig. 31, the gas losses are 66 per cent and 11 
per cent, respectively, of th6 ra<;Jiation rates, while at 2445° K., they 
are instead 102 per cent and 18 per cent. 
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In any particular lamp, there is justification from the eflSciency view- 
point for the use of gas-filled lamps only when the percentage of energy 
lost by gaseous conduction is more than offset by the increased tempera- 
ture and consequent increased efficiency gained by the reduced rate of 
vaporization. 

Black-body Effect. — Gas-filled lamps are made with coiled filaments. 
Fig. 32 is a photograph of an incandescent coiled filament. It will be 
noted that the outsides of the turns of the helix are not as briglit as the 
insides. Measurement with an optical pyrometer indicates that the 
insides of the coils arc from 50 jx^r cent to 100 per 
cent brighter than the outsides. This difference cannot 
be accounted for by the difference in filament tempera- 
ture between the inside and the outside. It is due 
to the multiple reflection of the light within the helix 
and is commonly (diaracterized as the bhude-hody ciffe(‘t. 

The light from the inside is slightly more yedlow than 
that from the outside, owing to this multiple rc'flecdion. 

This partially blat^kened radiation frotn the interior, 
for reasons illustrated in Fig. 27, is less efficient than 
that from the surface. 

The coiling of the lamp filament, therefore, while 
limiting certain gas losses, has cut down th(i favorahk^ 
selectivity of the unit as a whole, ('hanges in (H)iling 
which lead to a reduction of bla(;kcning are to some 
extent opposed to changes which lead to reduced gas 
losses. Manufacturers naturally acu^ept a (^oininoniise 
in their attempt to obtain the highest possible efficiency. 

Light Distribution. — The quantity of light given off in different 
directions from the lamps depends iqjon the shape of the lamp filament, 
the shape of the bulb and the filament position in the bulb, and also 
on the character of the bulb surface. The reduction factor (see (diapter 
III) for the oval anchored carbon lamps averages about. 0.82; for the 
straight-filament vacuum lamps, about 0.79; and for the coiled-filament 
gas-filled lamps from 0.75 to 1.00. The wide range in rediudion factors 
obtained on gas-filled lamps shows the necessity of measuring the total 
light output rather than the mean horizontal candlepower as was the 
custom with vacuum lamps. 

Temperatures and Efficiencies. — The radiation process in gas-fillcd 
lamps is the same as in vacuum lamps. The main and pfacticvilly sole 
cause is temperature, and the principal difference in the two cases is 
resolvable into a difference in temperafure. Whereas for vacuum 
lamps of the 1 15- volt class the temperature range is from about 2380° K., 
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to 2460® K, in gas-filled lamps of the same class the range is from about 
2650° K. to about 3100° K. 

The spectral energy curves of gas-filled lamps compared with those 
from vacuum lamps have their centers shifted more toward the shorter 
wave-lengths, and therefore have a greater portion in the visible part 
of the spectrum. The same shift dej)en(ling on filament size occurs 
among the gas-filled lamps themselves. It is exactly the same kind of 
shift that occurs in black-body radiation with change in temperature 
and is here, as in that case, the cause for a large part of the efficiency 
variations whi(!h occur. 

Efficiency as a function of lamp wattage is shown in Fig. 33 for 

commercial lamps of the 115- volt edass, for the vacuum and the gas- 

filled types. In each case, the operating condition is such as to give 

a life of 1000 hours. The efficiencies of the gas-filled lamps are seen 

to extend over a considerably greater range than do those of the vacuum 

1 f in X on himens „ , _ lumens 

lamps, a range of 10 to 20 vs. 8 to 1 1 ■ 

^ ^ watt wai t 



Fig. 33. Rated Efficiency of Vacuum (A) and Gas-filled (B) Tungsten 
Larnp.s of llie 115-volt Class as Fund ions of Lamp Wattage. 

The reason for the lower wattage limit for gas-filled lamps of the 115- 
volt class as well as the practical upper limit for vacuum lamps of the 
same class is shown in Fig. 33. 

Color of Radiation. — Just as with black-body radiation, an increase 
in temperature for tungsten causes a progressively greater and greater 
increase in luminosity as one pror-eeds from the red end to the blue end 
of the spectrum and, as a whole, a k^ss reddish or a more nearly white 
light. Though the gas-filled lamps represent a (considerable approach 
to white light, they are still far fr(*m the standard of white-light sources, 
the sun. There is no hope of closely approaching the sun in color with 
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an incandescent tungsten filament without interposing a screen which 
relatively transmits but little at the red end of the spectrum in com- 
parison with the blue end, as has been partially accomplished in the 
blue-bulb gas-filled lamp. 


Design 

The designer has at his disposal a large amount of experimental data 
and experience whicdi guide him in the selc(ition of materials and in their 
fabrication and arrangement into a su(*oessful lamp. 

To produce the lamp best suited for a given service, the designer 
should know what the (onditions of opcnition will be in that service, 
the voltage or current at which the lamp will be operated, the wattage 
desired, the limitations, if any, as regard light sour(‘o or lamp dimensions, 
and the hours of lif(^ which the servi(‘e reciuires. 

Various classes of servic^c justify the use of lamps designed to remain 
in service for ([uite different numbers of hours. For example, street- 
series ’’ lamps may justify a life of 1350 hours, locomotive headlight 
lamps 500 lioiirs, motion-incture lamps 100 hours, automobile lamps 
150 hours, flashlight lamps 9 hours, whereas the regular lamps used on 
central-station circuits are consick'red satisfactory if they average 1000 
hours. 

Filaments. — In general, the life of an incand(\s(‘ent filament lamp 
is dependent upon the operating temperature of the filament. The 
higher the filament temperature, the higher will l)e the operating cfl5- 
cicncy and the shorter the lif(\ Therefore, the number of hours of life 
fixes approximately the temperature at which the filament should 
operate. Knowing the amperes and volts of the lamp, one can select 
the corre(;t diameter of filament wire and cut it to the proper length to 
meet these conditions in the finished lamp. The filament dimensions 
may be computed from the equations 


(1) ir-il//" 

cwv 

(2) L = ^ 


where W is the weight of the filament wire per unit length, I is the 
amperes required to heat the filament to a given baiiperature, V is the 
voltage to force the curnmt, I, through a length, L, of filament wire 
and Mj n, and C, are constants which ch'pend iq)oii tlic' physical proper- 
ties of the wire, its temperature, and its form in the lamp. Having 
once determined these constants for a. given filament material and for 
a particular type of lamp, it is a simple matt(U’ to compute the proper 
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filament weight and length to produce a lamp of definite voltage and 
current values. The development of drawn-wire tungsten has opened 
up many new applications for incandescent lamps. The wire offers 
almost unlimited possibilities as regards the shape and size of the fila- 
ment and the resultant shape and size of the finished lamps. Some 
lamps have been made with bulbs I inch in diameter and | inch long 
and with a consumption of a fraction of one watt; others have been 
made with bulbs 8 or 10 inches in diameter and with a consumption of 
several thousand watts. The filament size and shape and position in 
the bulb have an effec^t on the shape of light distribution from the 
finished lamp. If the requirements to be met are fully known, it is 
usually possible to produce a lamp to fit those requirements. In recent 
years an enormous amount of work has been done in the metallurgy 
of tungsten and the effect on various lamp (diaractcristics of differences 
in crystal structure of filaments of tungsten. But this subject is too 
involved to come within the scoi)e of this volume. 

The whole strueduro of the lamj) is built up around the filament; 
the other i)arts of the lamp are but servants that aid the filament in the 
fulfilment of its function as a light-producer. The relation of these 
parts to the filament operation will be considered next. 

Supports. — The tungsten filament should be sui)ported in such a 
manner that it is both electrically and thermally well insulated and that 

it will maintain its shapes through- 
out life and not break under 
normal service conditions. Since 
fine tungsten filaments are ratJicr 
fragile, the j)robleni is a difficult 
one. 

Fig. 34 is a fdiotograph of a 
lighted filament mounted spe- 
cially to illustrate the cooling of 
the filament at supports in a 
vacuum lamp. The terminals, a 
and h, ai’c IG-mil copper clamped 
to the ends of the filament; the 
supports, Cj d and c, are 10-, 20- 
and 40-mil copj^er and the sup- 
ports, /, r/, h and ?, are 2-, 4-, 8- 
and 10-mil molybdenum. The length of filament that is cooled depends 
upon the size and the material of the supports and the size and tem- 
peratiin' of the filament. R will be noted that the filament in contact 
with copper is cooled for a greater length than that in contact with 



Fif}. 34. Special Vaeiiuin I^ianip with Suf)- 
ports of Differoiii Materials and Sizes. 
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molybdenum of the same size. There is also a noticeable difference in 
the length cooled by different sizes of molybdenum supports. The 
cooling of the filament is much less in the case of the 2-mil support. 

In addition to low heat conductivity, the supports should have 
enough rigidity to hold the filament in shape and enough flexibility to 
take up most of the shock when the lamp is roughly handled. 

Lead Wires. — The lead wires connect the ends of the filament to 
the lamp base. A propter (‘hoice involves consideration of both their 
electrical and thermal conduc;tivities as well as their mechanical proper- 
ties. It is desirable to keep the energy loss in the lead wires as low as 
is consistent with other features in lamp performance. The seal leads 
must make vacuum-tight joints with the glass. This limitation makes 
the seal the most important part of the lead wire. The materials to 
be used in leads, together with the dimensions of the parts, must be 
accurately specified to insure a sue(;essful lamp. 

Glass Parts. — A number of different glasses have been produced 
whi(!h have slightly different qualities, and the designer must select the 
ones best suited for th(' r('C|uircmeiits of the particular lamp he is design- 
ing. It is necessary to choose glass parts in any one lamp which will 
work togetlK'r and not crack during the normal life of the lamp. 

The lamij must b(‘ so designed that the glass i)arts will not exceed 
th(‘ir safe operating lemp(»rature. The safe operating temperature may 
be far below the softtming t-empeniture of tlu^ glass. 



Flu. 3/5. Cilass Stems from Gas-filled Lamps, Cracked as a Result 
of Electrolysis. 


Figure 35 illustrates the effect of electrolysis in lamp stems. These 
steins were taken from lanqis operated on direct current. The tem- 
perature of the glass was high enough to rediK^c the electrical resistance 
of the glass to the danger jioiiit. The glass gradually decomposed and 
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cracks developed which resulted in lamp failures due to admitting air 
into the bulbs. 

The limit of bulb size in vacuum tungsten lamps is not usually the 
softening point of the glass. As the lamp progresses in life, the bulb 
gradually darkens, owing to the deposit formed on the bulb by the 
tungsten metal evaporated from the filament. The smaller the bulb, 
the denser will be this black coating and the poorer will be the lumen 
maintenance of the lamp. In practice, the designer chooses a bulb 
size that will give satisfactory candlepower maintenance from the 
standpoint of bulb darkening. 

Bull) shapes in vacuum lamps are usually (chosen for mechanical 
convenience in the manufacture of the lamps. The straight-sided bulb 
is the most common. Round- and tubular-bulb lamps are usually 
produced to meet some special requirement and are more diffitnilt to 
make than the straight-sided bulb lamps. In vacuum lamps, the bulb 
darkening is distributed (piite uniformly over the bulb surface; but in 
gas-filled lamps, the darkening on the bulbs is kx^alized on account of 
the circulation of gas within the bulb. Since the shape of the bulbs in 
gas-filled lamps affects the distribution of the blackening, the designer 
is given an additional means of controlling the quality of lamps. 

In gas-filled lamps, the bulb size is frequently limited ]iy the softening 
of the glass. The hot gases heat the bulb locally and may blow a hole 
in it if the softening temperature is reacdied. Bulb sizes are in general 
much smaller for gas-filled lamps than for vacuum lamps of the same 
wattage, owing to the lower rate of filament evaporation in the gas- 
filled lamps. This has made possible the manufacture of lamps of 
much higher wattage than was feasible before the gas-filled lamp was 
developed. 

Heat deflectors, consisting of mica disks, arc often used in gas-filled 
lamps to protect the stem seal and the glass parts, forming the frame- 
work for supporting the filament, from the hot gases which would 
otherwise strike tlicm. 

Choice of Gas. — The necessity that the gas in which a tungsten 
filament is immersed shall not attack it chemically has thus far limited 
the gases seriously considennl to nitrogen, argon and mercury vapor. 
Theory and experiment show that the gas conduction losses in different 
gases are proportional to the mobilities of the molecules; that is, to 
their velocities. Since the velocities which gaseous molecules possess 
at a given temperature are inversely proportional to the square roots of 
their atomic weights, one would expect that for these gases the order of 
preference would be mercuiy v^-por, argon and nitrogen, their molecu- 
lar weights being 200, 39.8 and 28.0. This is in accord with Fig. 31. 
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Theory and experiment show a change in the rate of vaporization of 
a filament with change in the immersing gas. The experimental 
result appears as a change in life for operation at some fixed tempera- 
ture. Thus the life of a tungsten filament in nitrogen is only 80 per 
cent of what it is in argon. In other words, the rate of vaporization in 
argon is about 80 per cent of the rate in nitrogen:. The heavier, slow- 
moving argon atoms offer the greater resistancie to the diffusion of the 
tungsten atoms away from the thin layer of saturated tungsten vapor 
next to the hot filament. For the same average life, an argon atmos- 
phere permits of a higher filament temperature and consequently also 
a greater luminous efficiency. 

Both gas loss and vaporization (‘onsiderations indicate mercury vapor 
to be the most desirable atmosphere. Unfortunately, the pressure of 
mercury vapor that is necessary in a gas-filled lamp with the filament 
heated is very much greater than its vapor tension at ordinary tempera- 
tures. Consequently, in such a lamp, most of tlie mercury is in liquid 
form when the lamp is not lighted. The time lag in vaporizing the 
liquid mercury when the lamp is lighted has such deleterious conse- 
quences, however, that the value of its other inherent advantages is 
minimized. Argon, the next most favorable gas from gas-loss and 
vaporization considerations, does not suffer from this disadvantage. 
It has in consequen(;e been chosen for the atmosphere in gas-filled 
lamps. Commercial argon contains about 20 per cent nitrogen. Due 
to the low arcing potential of argon, some admixture of nitrogen seems 
necessary. 

If a 100-watt vacuum construction lamp were filled with gas and 
burned base up, the upi)cr portion of the filament would operate at a 
much higher temperature than the lower. A different mount design 
is required for the gas-filled lamp, to reduce the energy loss due to gas 
and to give a uniform filament temperature. This is accomplished by 
coiling the filament into a helix. 

Coiled filaments have sometimes been used in vacuum lamps to 
secure greater filament concentration, but as a rule, the life performance 
is inherently poorer than for the straight-filament lamp, owing to the 
black-body effect obtained with the coiled filament. It is necessary 
to operate the coiled filament at a slightly higher temperature to produce 
a lamp with the same operating efficiency. It is piore difficult to pro- 
duce coiled filament lamps with uniform initial ratings than is the case 
with straight-filament lamps. 

The design of lamps is by no means a cut-and-dried proposition. 
Much of the knowledge of materials, their preparation and use in lamps 
is still incomplete. Many of the changes in design suggested must be 
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thoroughly tested out before they can be made use of. It may happen 
that some seemingly insignificant change may produce a big effect and 
one entirely different from that expected. The question which the 
designer must continually face is How will the lamp perform under 
actual service conditions? ” He must submit the proposed lamps to 
tests which are even more severe than those likely to be met in practice. 

Tables of Characteristic Relations for Tungsten Vacuum 
Incandescent Lamps 

Explanation of Use of Tables. — The first step in the solution of every 
problem involving characteristic eciuatioiis is to determine from the 
observed values of voltage, candlepower, aud w.p.c. the corresj)onding 
values at normal efficiency, which for thes(^ tables was (diosen at 1.20 
w.p.c. 

This is done by reference to Table XXII I, in which observed w.p.c. 
in steps of 0.1 and intermediate steps of 0.01 are given at the top and 
left margin, resi)ectively. In the body of the tal)le under “ volts 
and cp.,’^ respectively, arc given the corresjwnding percentage factors 
by which the obs(‘rvcd voltage and observed candlepower, respectively, 
are to be multiplied to reduce them to normal values. Normal wattage 
is found by multiplying normal candlepower by 1.20. 

For example, if the observed values arc 110 volts, 25 (auidles, 1.35 
w.p.c., the corresponding normal values are found as follows: Corre- 
sponding to 1.35 w.p.c., find lOti.O under volts and 123.3 under cp. 
Then, 110 X LOGO = IIG.G volts, 25 X 1.233 = 30.82 candles, and 
30.82 X 1.20 = 3G.98 watts, these being the normal values. 

With these values known, read from one of the other three tables 
(viz., XXIV-XXVI) values corresponding to any desired per(^entage 
value of any one of the variables given. 

The simplest problem is when values corresponding to a given voltage 
are required, because all three tables are arranged for voltage considered 
as the independent variable, and the other variabl(\s are given in the 
body of the table. 

For example, assuming the normal values just found, suppose values 
for candlepower, wattage and w.p.(\ corresponding to 125 volts are 
required. The voltage ratio = 125 llG.G = 107.2 per cent. Corre- 
sponding to 107.2 per cent volts in Tables XXIV, XXV, and XXVI, 
find 128.1 per cent cp.. 111. 03 per cent watts, and 1.045 actual w.p.c., 
respectively. The numcri(^al values corresponding to the two per- 
centage values are found by multiplying each by the corresponding 
normal value as follows: 
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1.281 X 30.82 = 39.48 candles, and 1.1163 X 36.98 = 41.28 watts. 

Hence the corresponding values of all the variables are 125.0 volts, 
39.48 candles, 41.28 watts and 1.045 w.p.c. 

As a second problem, suppose that the values of voltage, wattage and 
w.p.c., corresponding to 20 candles, are required, the same normal 
values being assumed. This candlepower value is 20 -i- 30.82 = 64.9 
per cent of normal. From 64.9 per cent cp. in the body of Table XXIV, 
find the corresponding voltage per cent at the top and margin — 
that is, 88.0 + (2.14 - 5 - 2.67) = 88.8 y)cr cent volts. With this value 
known, fijid 82.846 jier cent watts in Table XXV and 1.532 actual 
w.p.c. in Table XXVI. Multiplying percentage values by corresponding 
normal values, 0.888 X 116.6 = 103.5 volts, and 0.8284() X 36.98 = 
30.64 watts. TJic variables are, therefore, 20.0 candles, 103.5 volts, 
30.64 watts and 1.532 w.p.c. 

In th(^ same manner, values for all th(^ variables corresponding to 
a given value of wattage or of w.p.c. may be found also. 

A third i)robleni of iin[)ortance to the testing laboratory involves 
the reduction of voltage^, caiullepower and wattage from observed values 
to values they would have at some given w.p.c. (For example, a w.p.c. 
at which the lamf)S are to b(' run on life test.) The calculation of 
voltage is the oik' of most inq)ortancc, the other ^^ariables being usually 
neglected in life-test calculations. 

Example. — (liven 110 volts, 88 candles, 1.05 w.p.c.; required volts, 
candles and watts at 0.7 w.j).c. 

Solution. — In Table XXI JJ, find at 1.05 w.p.(\ 93.49 per cent volts 
and 78.66 per cent candles, and at 0.7 w.p.c. 75.26 per cent volts and 
37.23 per cent candles. 'Ilien at 0.7 w.p.c. 


,, 110 X 93.49 

volts = — 75 ^^ = 130.6 

candles = = 185.93 

watts = 185.93 X 0.7 = 130.15. 


Reduction of Values to a w.p.c. Basis Other Than 1.20. — If some 
other w.p.c^. than 1.20 be chosen as normal, tables of values can be 
readily deteiinined from these tables by any of the three following 
methods : 

(a) Siippose, for example, that 1.10 w.p.c. is chosen as normal. 
Corresponding to 1.10 in Table XXVI, find 104.48 per cent volts. 
Corresponding to 104.48 per cent volts i;i Tables XXIV and XXV, find 
116.9 per cent cp. and 107.18 per cent watts, respectively. Therefore, 
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the values in the present tables corresponding t6 normal in the new 
tables are as follows: 104.48 per cent volts, 116.9 per cent cp., 107.18 
per cent watts, and 1.10 actual w.p.c. 

Now, suppose, for example, that values at 115.0 per cent volts on 
the new basis are required. Voltage ratio is then 115.0 X 1.0448 = 
120.15 per cent. Corresponding to 120.15 per cent volts in Tables 
XXIV, XXV and XXVI, find 190.7 per cent cp., 133.66 per cent watts, 
and 0.8412 actual w.p.c., respectively. 

Hence, corresponding to 115.0 per cent volts, the new tables: 

120.15 -I- 1.0448 = 115.0 per cent volts, 

190.7 -7- 1.169 = 163.1 per cent candles, 

133.66 1.0718 = 124.71 per cent watts, 

and 0.8412 = actual w.p.c. 

In the same manner, values corresponding to other percentage values 
of voltage may be found, and a complete set of tables corresponding to 
Tables XXIV, XXV and XXVI, on the new basis, may be constructed. 

Values for Table XXIII are obtained by dividing the tabulated 
values of the factors designated “ volts ” by 0.9573 and those designated 

cp.” by 0.8554, these being the values at 1.10 w.p.c. For example, 
the tabulated values of volts ” and cp.'' at 1.00 w.p.c. in Table 
XXIII are 91.17 and 72.00, respectively. Values for the new table 
are then 

9T 17 72 00 

_ = Q.5 24 volts '' ■ - = S4 77 nn ** 

0.9573 “ 0.8554 P' 

(6) Values corresponding to each point in Tables XXIV, XXV and 
XXVI need not necessarily be computed as given above. A simple 
method is to compute values at points, say, 5 or 10 per cent ar)art in 
voltage (for example, 80, 85, 90, 95, etc;.) and take diffcren(;es between 
the values obtained and those given in the tables. Then, with fXT cent 
volts as ordinates and differences as abscissas, a smooth (;urve may be 
drawn through the points found, and from it the difference at any per 
cent volts may be read. These differences added to the tabulated values 
give values for the new tables. 

Tables of Characteristic Relations 

TABLE XXTII 

Table of percentage multiplying factorH for reducing observed values of voltage 
and observed values of candlepower at known w.p.c. to values they would have 
at 1.20 w.p.c. Voltage factors are indicated by Volts candlepower factors 
by “ Cp." 
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Example: Given as observed values, 112.0 volts, 16.0 candles, 1.450 w.p.c., to 
find volts and candles at 1.20 w.p.c. 

Solution: Corresponding to 1.450 w.p.c. find 109.7, the voltage percentage mul- 
tiplier, and 139.9, the candlepower percentage multiplier. The values corre- 
sponding to 1.20 w.p.c. arc, therefore, 112.0 X 1.097 = 122.86 volts, and 16.0 
X 1.399 == 22.38 candles. 
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TABT.E XXTTT. — Continued 
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TABLE XXTII. — Continued 
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C’P. 

Dif. 

0 00 

124 5 

0 3 

224 1 

2 1 

127 4 

0 3 

244 9 

2 1 

i;^o 3 

0 3 

266 3 

2 2 

01 

124 8 

3 

220 2 

2 0 

127 7 

3 

247 0 

2 2 

130 0 

2 

208 5 

2 2 

.02 

125 1 

3 

228 2 

2 1 

128 0 

3 

240 2 

2 1 

130 8 

3 

270 7 

2 2 

.03 

125 4 

3 

230 3 

2 0 

128 3 

3 

251 3 

2 2 

131 1 

3 

272 9 

2 2 

04 

125 7 

3 

232 3 

2 1 

128 0 

3 

253 5 

2 1 

131 4 

2 

275 1 

2 3 

.05 

120 0 

3 

234 4 

2 1 

128 9 

2 

255 6 

2 2 

131 6 

3 

277 4 

2 2 

00 

120 3 

3 

230 5 

2 1 

129 1 

3 

257 8 

2 1 

131 9 

3 

279 6 

2 2 

.07 

120 6 

3 

23K f) 

2 1 

12 4 

3 

259 9 

2 1 

132 2 

3 

281 8 

2 2 

.08 

120 9 

3 

240 7 

2 1 

129 7 

3 

262 0 

2 2 

132 5 

2 

284 0 

2 2 

09 

127 2 

2 

242 8 

2 1 

130 0 

3 

264 2 

2 1 

132 7 

3 

280 2 

2 2 

10 

1 127 4 ; 


244 9 


130 3 


266 3 


133 0 


288 4 


01 


2 20 



2 30 



2 

40 


w p 













0 00 

133 0 

1 

0 3 

1 

2SS 4 


135 7 

I 

0 2 

1 

3M 1 

1 

2 3 

138 3 

0 2 

^ 334 5 

2 4 

.01 

133 3 

3 

290 n 

2 3 

135 9 

3 

313 4 

2 4 

13H 5 

3 

336 9 

2 4 

.02 

133 0 

2 

292 9 

2 3 

1 136 2 

3 

315 8 

2 4 

138 8 

2 

339 3 

2 4 

.03 

133 8 

3 

295 2 

2 3 

136 5 

2 

318 2 

2 3 

139 0 

3 

341 7 

2 4 

.04 

134 1 

3 

297 5 

2 3 

136 7 

3 

320 5 

2 3 

139 3 

2 

344 1 

2 4 

.05 

134 4 

2 

299 8 

2 2 

137 0 

2 

322 8 

2 4 

139 5 

3 

346 5 

2 4 

.00 

134 6 

3 

302 0 

2 3 

137 2 

3 

325 2 

2 3 

139 8 

2 

348 9 

2 4 

.07 

134 9 

3 

304 3 

2 3 

137 5 

3 

327 5 

2 3 

140 0 

3 

351 3 

2 4 

.08 

135 2 

2 

306 6 

2 3 

137 8 

2 

329 8 

2 4 

140 3 

2 

353 7 

2 4 

.09 

135 4 

3 

308 9 

2 2 

138 0 

3 

332 2 

2 3 

140 5 

3 

356 I 

2 4 

.10 

135 7 


311 1 


138 3 


334 5 

• 

1 

140 8 


358 5 
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TABLE Xyim. — Continued 




2 50 



2 60 



2.70 


Obs. 













w.p.c. 

Volts 

Dif. 

Cp. ' 

Dif. 

Volts 

Dif. 

Cp. 

Dif. 

Volts 

Dif. 

Cp. 

Dif. 

0.00 

140 8 

0 2 

358 .5 

2 5 

143 2 

0 2 

383 2 

2 5 

145 6 

0 2 

408 5 

2.6 

.01 

141 0 

3 

301 0 

2 5 

143 4 

3 

385.7 

2 5 

145 8 

2 

411 1 

2.5 

.02 

141 3 

2 

363 5 

2 4 

143 7 

2 

388 2 

2 0 

140 0 

3 

413 G 

2.6 

.03 

141 5 

.2 

365 9 

2 5 

143 9 

2 

390 8 

2 5 

146 3 

2 

416 2 

2.6 

.04 

141.7 

3 

368 4 

2 5 

144 1 

3 

303 3 

2 5 

146 5 

2 

418 H 

2 6 

.05 

142 0 

2 

370 9 

2 4 

144 4 

2 

395 8 

2 6 

146 7 

3 

421 4 

2 6 

.06 

142 2 

3 

373 3 

2 .5 

144 6 

3 

398 4 

2 5 

147 0 

2 

424 0 

2 6 

.07 

142 5 

2 

375 8 

2 5 

144 9 

2 

400 9 

2 5 

147 2 

2 

426 6 

2 6 

.08 

142 7 

3 

378 3 

2 4 

145 1 

2 

403 4 

2 5 

147 4 

2 

429 2 

2 6 

.09 

143 0 

2 

380 7 

2 5 

14,5 3 

3 

405 9 

2 6 

147 6 

3 

431 8 

26 

.10 

143 2 


383 2 

1 

115 6 


408 5 


147 0 


434 4 


Obs. 


2 1 

80 



2 90 



3 00 


w.p.c. 













0 00 

147 9 

0 2 

431 4 

2 0 

150 1 

0 2 

460 8 

>1 

152 3 

0 3 

487 8 

2 8 

.01 

148 1 

.2 

437 (» 

2 6 

150 3 

3 

403 5 

2 7 

152 6 

2 

490 0 

2 7 

.02 

148 3 

3 

43!) 6 

2 7 

1.50 6 

2 

460 2 

2 7 

1.52 8 

2 

493 3 

2 7 

.03 

148 6 

2 

442 3 

2 6 

1.50 8 

2 

468 9 

2 7 

1.53 0 

2 

4!)6 0 

2 8 

.04 

148 8 

2 

444 0 

2 7 

151 0 

2 

471 6 

2 7 

1.53 2 

2 

498 8 

2 7 

.05 

149 0 

2 

447 6 

2 6 

151 2 

r 2 

474 3 

2 7 

153 4 

2 

501 5 

2 8 

.06 

149.2 

2 

4.50 2 

2 6 

151 4 

3 

477 0 

2 7 

1.53 6 

2 

504 3 

2 7 

.07 

149 4 

.3 

4.52 8 

2 7 

151 7 

2 

479 7 

2 7 

1.53 8 

2 

507 0 

2 8 

.08 

149 7 

2 

455 .5 

2 6 

151 9 

2 

482 4 

2 7 

1.54 0 

2 

509 8 

2 8 

.09 

149 9 

2 

458 1 

1 

2 7 

152 1 

2 

485 1 

2 7 

154 2 

2 

512 6 

2 8 

.10 

150 1 


460 8 


1.52 3 


487 8 


1.54 4 


515 4 
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TABLE XXIII.-Condttfod 

Oba. 

w.p.c. 

0.00 
.01 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.00 
.10 
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TABLE XXIV 

Table for aetermining values of candlepower corresponding to observed values 
of voltage, when the values of both candlepower and voltage at 1.20 w.p.c. are 
known. All values in this table are expressed in per cent. 

Example: Given 125.0 volts and 31.0 candles, both at 1.20 w.p.c., to find candles 
at 100.0 volts. 

Solution : 100.0 volts = SO per cent of 125.0 volts. Corresponding to 80 p(;r cent 
volts find in the table 43.95 per cent c.andles. Therefore, (candles at. 125.0 volts 
= 43.95 per cent of 34.0 = 14.94. 


Obs. 

1 GO 

1 70 

1 80 

1 90 

VoliH 

Cp. 

Dif. 

Cp. 

Dif. 

Cp. 

Dif 

c;p. 

Dif. 

0 

14 34 


26 35 


43 95 


68 18 




0 98 


1 49 


2 11 


2 83 

1 

15 32 


27 84 


46 06 


71 01 




1 03 


1 55 


2 18 


2 90 

2 

16 35 


29 39 


48 24 


73 91 




1 07 


1 61 


2 24 


2 98 

3 

17 42 


31 00 


50 48 


76 89 




1 12 


1 66 


2 31 


3 05 

4 

18 54 


32 66 


52 79 


79 94 




1 18 


1 73 


2 39 


3 14 

5 

19 72 


34 39 


.55 18 


83 08 




1 22 


1 79 


2 45 


3 22 

6 

20 94 


36 18 


57 63 


86 30 




1 28 


1 85 


2 53 


3 30 

7 

22 22 


38 03 


00 16 


89 60 




1 33 


1 91 


2 60 


3 38 

8 

23 54 


39 94 


62 76 


92 98 




1 38 


1 97 


2 67 


3 47 

9 

24 92 


41 91 


65 43 


96 45 




1 43 


2 04 


2 75 


3 55 

10 

26 35 


43 95 


68 18 


100 00 


Obs. 

100 1 

110 1 

! 1 

1 130 

volts 


Di(. 

Cm. 

T)if 

Cp 

Dif 

Cp. 

Dif. 

0 

100 0 


140 3 


JS9 9 


249 5 




3 6 


4 5 


5 5 


6 5 

1 

103 6 


144 8 


195 4 


25(1 0 




3 8 


4 6 


5 h 


6 6 

2 

107 4 


149 4 


201 0 


262 6 




3 8 


4 8 


5 7 


6 8 

3 

111 2 


154 2 


206 7 


269 4 




3 9 


4 8 


5 8 



4 

115 1 


159 0 


212 5 






3 9 


•4 9 


5 9 



5 

119 0 


163 9 


218 4 






4 1 


5 0 


6 0 



6 

123 1 


168 9 


224 4 






4 2 


5 1 


6 I 



7 

127 3 


171 0 


230 5 






4 2 


5 2 


6 2 



8 

131 5 


179 2 


236 7 






4 4 


5 3 


6 3 



9 

135 9 


184 5 


243 0 



1 



4 4 

* 

5 4 


6 5 



10 

140 3 


189 9 * 


249 5 
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TABLE XXV 

Table for determining values of wattage corresponding to observed values of 
voltage when the values of both wattage and voltage at 1.20 w.p.c. are known. 
All values in this table are expressed in per cent. 

Example: Given DS.O waits and HO.O volts, both at*1.20 w.p.c., to find watts 
at 90.2 volts. 

Solution: 90.2 volts — cS2 per cent of 110.0 volts. Corresponding to 82 per 
cent, find in the table 73.007 per cent watts. Therefore, watts at 90.2 volts 
= 73.007 per cent of 9S.0 = 71.55 watts. 


Obs. 

1 60 

1 70 

1 80 

1 90 

volts 

Watts 

Dif. 

Wat ts 

Dif. 

Watts 

Dif. 

Watts 

Dif. 

0 

44 406 


56 772 


70 200 


84 628 




1 187 


1 295 


1 399 


1 495 

1 

45 593 


58 067 


71 599 


86 123 




1 198 


1 307 


1 408 


1 505 

2 

40 791 


59 374 


73 007 


87 628 




1 209 


1 317 


1 410 


1 514 

3 

48 000 


60 691 


74 426 


89 142 




1 220 


1 :m 


1 428 


1 524 

4 

49 220 


02 019 


75 854 


90 606 




1 231 


1 :i38 


1 438 


1 533 

5 

50 451 


63 :357 


77 292 


92 199 




1 24:i 


1 348 


1 448 


1 542 

0 

51 694 


04 705 


78 740 


93 741 




1 25.3 


1 359 


1 458 


1 551 

7 

52 947 


00 004 


80 198 


95 292 




1 204 


J 368 


1 407 


1 560 

8 

54 211 


07 432 


81 665 


06 852 




1 275 


1 379 


1 477 


1 570 

9 

55 480 


68 811 


83 142 


98 422 




1 280 


1 389 


1 486 


1 578 

10 

50 772 


70 200 


84 628 


100 000 


Oh.s 

1 

1 

1 120 

1 130 

volts 

Will ts 

Dif 

1 Walls 

Dif. 

Watts 

Dif. 

Wilt t.S 

Dif. 

0 

100 00 


* 116 27 


i;i3 40 


151 .T) 




1 59 


1 68 


I 76 


1 84 

1 

101 59 


117 95 


135 If- 


153 19 




1 00 


1 68 


1 77 


1 85 

2 

103 19 


119 63 


136 93 


155 04 




1 GO 


1 6!/ 


1 77 


I 85 

3 

104 79 


121 32 


1.38 70 


156 89 




1 01 


I 70 


1 79 



4 

100 40 


123 02 


140 49 






1 03 


1 71 


1 79 



5 

108 03 


124 73 


M2 28 






1 63 


1 72 


1 80 



6 

109 66 


126 45 


144 08 






1 04 


1 72 


1.80 



7 

111 30 


128 17 


145 88 

* 





1 05 


1 74 


1 82 



8 

112 95 


129 91 


147 70 






1 65 


1 74 


1 82 



0 

114 60 


131 65 


1^9 52 






1 07 


1 75 . 


1 83 



10 

116 27 i 


133 40 


151 35 






130 


LIGHT SOURCES 


TABLE XXVI 

Table for determining watts per candle corresponding to observed voltage when 
the latter is expressed in per cent of the voltage at 1.20 w.p.c. 

Example: Given 115.0 volts at 1.20 w.p.c., to find watts per candle corresponding 
to 96.6 volts. 

Solution: 96.6 volts = 84.0 per cent of 115.0 volts. Corresponding to 84 per 
cent volts, find in the table 1.724, the w.p.c. required. 


Obs. 

1 00 

1 70 

1 80 

1 00 

volts 

w.p.c. 

Dif. 

W.p.c. 

Dif. 

W.p.c. 

Dif. 

W.p.c. 

Dif. 

0 

3 716 


2 585 


I 916 


1 490 




0 145 


0 083 


0 051 


0 034 

1 

3 671 


2 .502 


1 865 


1 456 




136 


078 


.049 


038 

2 

3 436 


2 424 


1 816 


1 423 




129 


075 


047 


032 

3 

3 300 


2 349 


1 769 


1 391 




121 


071 


045 


.030 

4 

3 185 


2 278 


1 724 


1 361 




115 


067 


043 


.029 

5 

. 3 070 


2 211 


1 681 


1 332 




108 


065 


041 


.028 

6 

2 962 


2 146 


1 640 


1 304 




102 


061 


040 


028 

7 

2 800 


2 085 


1 600 I 


1 278 




.097 


059 


038 


020 

8 

2 763 


2 026 


1 562 


1 250 




091 


056 


037 


020 

9 

2 672 


1 970 


1 525 


1 224 




087 


054 


.035 


.024 

10 

2 585 


1 916 


1 490 


1 200 1 


Obs. 

1 _ m ___ 1 

1 110 1 

1 Vi0__ ] 

1 130 

volts 

W.p.c. 

Dif. 

W.p c. 

Dif. 

W.p.c. 

Dif. 

W.p.c. 

Dif. 

0 

1 200 


0 9945 


0 8431 


0 7280 




0 024 


0 0172 


0 01.30 


0 0098 

1 

1 176 


9773 


8.301 


7182 




023 


0167 


0126 


.0098 

2 

1 153 


9606 


8175 


7084 




022 


0163 


0122 


0095 

3 

1 1.31 


9443 


8053 


6980 




021 


' 0157 


0119 



4 

1 no 


9286 


7934 






021 


0153 


0116 



5 

1 089 


9133 


7818 






020 


0l49 


011.3 



6 

1 069 


8984 


7705 






020 


0144 


0110 



7 

1 049 


8840 


7695 






018 


0140 


0108 



8 

1 031 


8700 


7487 






019 


0136 


0105 



9 

1 012 


8564 


.7382 






0175 


0133 


0102 



10 

0 9945 


8431 


7280 
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Vapor-tube Lamps 

[L. J. Buttolph] 

About 1850, Geissler began making the familiar gas-filled tubes 
known by his name, and in 1872, Sir William Crookes began his famous 
observations on the electric discharge through gases and through high 
vacua. 

The Geissler and Crookes tubes, however, never got beyond the size 
of the little spectrum tubes so common to-day until, following closely 
after the lectures and striking demonstrations of Nicola Tesla in 1891, 
Dr. D. McFarlan Moore began his well-known researches in the devclopH 
ment of a practical gaseous conductor lamp. He tested a large number 
of designs and used in them all possible gases and a great many vapors. 
The ones most commercially successful have been the relatively low- 
voltage, long-tube, nitrogen or carbon-dioxide filled lamps. The former 
yielded yellow-orange tinted light, the latter, white. With the former, 
in the long tube where the potential drops at the electrodes were rela- 
tively a small part of the whole, effituencies of 6 lumens per watt were 
attainable; with the latter, 2 lumens per watt. Previous to the use 
of tungsten filament lamps, they compared favorably in efficiency with 
the incandescent lamps in use. But with the attainment of efficiencies 
of the order of 10 lumens per watt in the tungsten lamp, they were 
doomed as commercial sources for general illumination. However, 
where accurate color matching of objects is of interest, the carbon- 
dioxide filled tube still finds a commercial application. For this kind 
of work, moderate-sized units have been developed. 

A gaseous pressure of the order of that due to 0.1 mm. of mercury 
was found to give the most satisfactory results. In order to maintain 
this pressure, an ingenious device was developed whicdi automatically 
feeds carbon-dioxide into the tube when needed. It is, of course, 
necessary to use a transformer with the tube. The voltage necessary 
depends largely upon the length of the tube and is usually several 
thousand volts. The mechanical difficulty of building these tubes, 
some of them over a hundred feet in length, in situ, limited them to 
certain fields of novelty lighting. 

Neon Tube. — More recently, in 1911, there was developed the 
neon tube which works on the same principle as docs the Moore tube. 
It has the advantage of a higher efficiency and of greater permanency 
of operating condition. The gas does not disappear as rapidly with 
the continued use of the tube, probably because neon is one of the inert 
gases. Its great drawback lies in the ’cost of procuring the neon. 
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Still more recently, particularly in certain European countries, 
where higher- voltage circuits arc more common than in the United 
States, 220-volt vacuum discharge tubes have attained considerable 
use. Low candlepower neon-vapor lamps, as they are (tailed, are being 
made, however, for circuits with potential differcncies as low as 110 
volts alternating current or 150 volts direct current. Sin(^e the maxi- 
mum potential difference in an alternating current circuit determines 



Milli-amperes Amperes 


Fig. 36. Volt-Ampere Chanic-tcristics of a 
Mercury Geissler Tube and a Mercury Vapor 
Arc. 


the ability of the* applied 
electromotive force in start- 
ing a discharge, it is seen 
that the basis for the two 
voltage ratings is the same. 
The wattage, candlepower 
and efficiencies for these 
lamps are all low. The 
orange-colored light is quite 
pleasing to the C5"c. It seems 
to have a field wliere only 
very small candlepower, small 
wattage sources are desired, 
and where decorative effects 
arc an ol)je(‘t, regardless of 
luminous efficiency obtained. 

Mercury Vapor. — Geissler 
tubes containing menury 
vajior can be operated by 
an induction coil giving a 
high voltage and high fre- 
(pieiicy. Tlu^ resulting light 
is the familiar luminescence 
of mercury vapor. Closely 
related to this mercury 
Geissler tube* is the mercury- 
vapor are; which gives the 
same; characteristic lumines- 
cent light but differs from 
a Geissler tube in its elec- 


trical characteristics since it operates at relatively low voltage. The 
relationship between the volt-ampere charactcaistics of a mercury 
Geissler tube and of a mercury-vapor arc is approximately as shown 
in Fig. 36 where A B represehts the leakage between electrodes at high 
voltages, CE the ordinary Geissler discharge at several thousand volts, 
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and C/Z) an arc at low voltage. To correct the falling voltage charac- 
teristics of the Geissler discharge and of the arc, ohmic resistance is 
connected in scries with the tubes. This resistance, 10 ohms for the 
arc, is represented by the slope of the line PR, A resistance of the 
order of 10® ohms for a Geissler tube is indicated by the slope of the 
lineFiZ. 

The Coopcr-Hcwitt mercury-vapor lamp was first exhibited in 1901. 
Since that time a great variety of designs have been tested out and the 
sizes have ranged from a few watts to 3000 watts. The present stand- 
ard lamps range in size from 200 watts to 1600 watts. The largest, 
some of them 6 feet long ]>y 2 implies in diameter, are principally used in 
blue-printing machines. The standard tubes for industrial illumination 
have a luminous tube 1 inch in diameter and 50 inches long. As shown 
in Fig. 46 the}- (consist of a tube of glass (containing mercury, mercury 
vapor and wires sealed into the ends of the tube and attached to a 
cathode electrode of metalli(c mercury and a cup-shaped anode electrode 
of iron to conduct electricity to and from the current-carrying vapor. 
Before a further description of the mercury-vapor lamp is given, the 
physics of the va(iuum-tube discharge, of which the former is a specific 
case, will be discussed. 

Physics of Vacuum-tube Discharge 

Structure. — A simple form of vaemum-tubt) consists of a piece of 
glass tubing with lead wircis passing through its sealed ends to metal 
terminals considerably separated. They are usually evacuated to 
pressures of the order of that due to a millimeter of mercury. The 
necessary voltag(\s for starting and maintaining self-sustaining dis- 
charges are ordinarily obtained with transformers, induction coils, or 
any other source of high-voltage, alternating current or direct current. 
Discharges under suitable conditions, however, may be started and 
maintained on ordinary lighting circuits. 

The struciturc of a discharge depends upon various factors, c.g., the 
residual gas, its pressure, the electrodes, tlndr separation, the type of 
discharge. Fig. 37 {a and h) shows characteristic appearances for 
self-sustaining discharges. Beginning at the cathode, C, there are in 
order: (1) a bright, thin, luminous layer, the cathode glow; (2) a moder- 
ate-sized Crookci dark space; (3) an extended, iJiright negative glow; 
(4) a broad Faraday dark space; (5) a luminous positive column; (6) 
a narrow dark space; and (7) a thin, luminous anode layer. Layers 
(1), (2) and (3) are sometimes referred^ to its the three cathode layers, 
or merely as the cathode layer. Depending on conditions, the positive 
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column may be continuous or broken up into alternate dark and bright 
strise. The boundaries of the luminous portions are relatively sharp 
on the cathode side and diffuse on the anode side. 

The dimensions of the different parts of a discharge vary with the 
nature of the gas, its pressure and the nature of the electrodes. Start- 
ing with a discharge such as is shown in Fig. 37 (,a), further decrease in 
pressure in the normal discharge (see page 130) results in approximately 
equal relative broadenings of the three cathode layers and of the Fara- 


a 



Fia. 37. Structure of Self-sustaining Vacuum-tube Discharges. 
a — Striated, h — Unstriatcd. 


day dark space, and in the spreading and snuffing out of the positive 
column at the anode. The variation in the normal discharge approxi- 
mately fits in with the assumption that between any characteristic 
surface in the discharge (e.g., front edge of negative glow or front edge of 
positive column) and the cathode, the same fixed nuin})er of gas mole- 
cules are to be found. This process may be continued up to the point 
where the positive column (but not the anode glow), the Faraday dark 
space, and a considerable part of the negative glow arc snuffed out, the 
anode being immersed in the latter. 

At higher pressures, the stru(d.ure of a glow discharge is probably not 
essentially changed. At best, however, one is able only to discern three 
parts, the cathode layer, the Faraday dark space, and the positive 
column. 

Potential Distribution. — Potential gradients or field strength, in 
volts per centimeter, found in certain instances for striated and un- 
striated discharges like those of Fig. 37 (a and b), are shown in Figs. 
38 and 39. In the Crookc dark space, the potential gradient is very 
great. Toward the anode, it decreases rapidly, reaches a minimum 
just within the negative glow, rises again slowly in the Faraday dark 
space to the practically constant value of the unstriated positive column 
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or to the succession of slightly different maxima and minima of the 
striated positive column which, except for a small drop in potential 
just in front of the anode, reaches up to it practically unchanged. 



Fig. 38. Potential Oradient Variations in a Striated Discharge. 


Integration of th(i potential gradient curves with resf)cct to distance 
along the path of the discharge gives din^ctly the drop in potential as 
a function of the distance from the anode or cathode. Thus Fig. 40, 
obtained by inte^gration frojn Fig. 38, shows the jiotential variations in 



Fig. 39. Potential (Gradient Variations in an Unstriated Discharge. 

a particular striated discharge over the (lathode glow and the Crooke 
dark space. The potential drop, usually referred to as the (;athode 
fall, amounts in this particular case to about 300 volts, the minimum 
value for hydrogen gas and a platinum electrode. Across this space of 
0.6 cm. or less, the potential drop is as great as across the remaining 
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13.5 cm. This means that the rate of dissipation of energy in this 
0.5 cm. of path is equal to that in the remaining 13.5 cm.; in the present 
case, 0.17(5 watt (0.58G m.a. X 300 volts) out of a total of 0.350 watt. 
This great rate of dissipation of energy in a non-luminous region has an 
important bearing on luminous efficiency. 



Fifj. 40. Variation in Potential with Distance in a Striated Vacuum 
Discharge, Obtained by Integration from Fig. 3(S. 


Normal and Abnormal Discharge Conditions. — From the stand- 
point of the cathode fall of potential, vacuum-tube discharges are 
classified as normal and abnormal. The normal discliargc is charac- 
terized by a cathode fall which remains constant, with cliaiigc in the 
discharge current. '’I'lie iiotential drop is tlu^ minimum value for the 
given residual gas and cathode material. It is equal to the minimum 
sparking potential for the given gas and electrode material. Values for 
various combinations of atmosphere and elecd.rode are given in Table 
XXVII. These minimum s])arking potentials are the smallest differ- 
ences of potential which under the most favorable conditions of pressure 
— the maximum pressure accompanying a fliscluirge in which the 
anode is in contact with tile sharp edge of the negative glow — are able 
to maintain self-sustaining discharges. 
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TABLE XXVII 

Minimum Sparking P<jtentials for Various Atmospheres and 
E l.Ef’TRODK MaTERIAIjS 


PoteHtialu 111 V'oltH for JOIectrodoji iit 


iiimoBpiioro 

Pt 

Hk 

Afs 

C’u 

IV 

Zn 

Al 

Mk 

i 

Na 

K 



:30() 


205 

2S() 

2.30 

21.3 

100 

lOS 

1S5 

172 

. 

2,32 

22(> 






207 

178 

170 

O 2 . 








.310 



He. 

100 

142 

1(>2 

177 

Kil 

14.3 

141 

125 

SO ' 

69 

Air 

MO 


1 








A. . . 

107 




■■ 1 


100 





From th(i stjindpoinl of low cathodo drops, Zn, Al, Mp;, Na and K 
are to prof furred Jis oathode materials 1o tli(' otlior metals named; 

and the inert gases, TI(‘ and A, as rt'sidual gases to the others named. 
The above data an' imj)ortaiil in the designing of low- voltage vacuum- 
discharge tubes. 

The upper limiting A^alue of current for the normal discharge occurs 
when the cntluxle glow just covers the cathode (excluding such parts 
of the cathode as an' so close* to the walls of the tube or to obstacles as 
to jirevent the formation of the* negative glow between them). For 
smaller curn'iits, the' (*athodc glow covers only a portion of the cathode. 
The actual area covered is conditioned, in any giveai instance, on an 
approximately constant current de'iisity. This cAirrent density varies 
with the residual gas, its jiressure, and the cathode material. Thus, 
for a pressure ecpial to that du(' to 1 mm. of TTg, the current density in 
nitrogen at a platinum cathodi' is 0.33 m.a. i)er sq. cm.; in nitrogen at 
an aluminum cathode 0.47 ni.a. per sq. cm.; in air at a platinum elec- 
trode 0.4 m.a. j)er sep cm. From the gc'iicral relation that current 
density in the normal discharge varies directly as the pressure, other 
current densities are obtainable^. 

The abnormal discharge is characterized by a cathode fall which 
varies with change in the discharge <*urrent. The potential drop is 
alwaiys gn^ater than the minimum s]>arking potential. The current 
density in the cathode glow is always greater than that occurring in 
the normal discharges — its minimum value. In any particular tube, 
the excess of the e*athode elrop over that in the normal discharge varies 
inversely as the pressure an el diree*tly as the square root of the excess of 
the current density over the normal value. 
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The Conduction Process. — The mechanism of gaseous conduction 
has been discussed in the section on Incandescence and Lumines- 
cence (Chapter I). As stated, it consists of the directed movement 
of positive ions toward the cathode and of negative ions toward the 
anode. When a negative ion from the discharge is driven against the 
anode, an electron -enters the anode; when a positive ion comes in 
contact with the cathode, the ion receives an electron from the cathode 
and becomes a neutral molecule. There results the two-directional 
transportation in the gaseous atmosphere in conjunction with uni- 
directional transportation in the metallic circuit without the piling up 
of electrical charges. 

It is possible for ions to become loaded with neutral atoms or mole- 
cules and thus become large aggregations. Such loading may occur in 
vacuum-tube dischargers in certain regions; but, for the most part, 
results indicate that the negative ion is an electron and that the positive 
ion is a positive residue of an atom or a gaseous molef^ule minus an 
electron. 

In order that a discharge may be maintained, it is essential that there 
be some source of ions. These may be j)rovi(led in several ways: (1) 
The gas may be ionized by an exbirnal agent sin^h as X-rays from some 
outside source. (2) Electrons may be driven off from the (cathode by 
exposure of it to ultra-violet light of certain frc(|uencics; that is, by the 
photo-electric, production of electrons. (3) The source may be the 
thermionic emission of electrons from a hot cathode. (4) The discharge, 
once started, may manufacture its own ions through ionization by 
impact of the electrically driven ions against neutral molecules. 

Self-sustaining discharges arc limited to the methods of ion produc- 
tion described under (3) and (4). Method (3) is the case of the arc, 
which has been considered as a separate main type of light source. 
Method (4) is the one involved in vacuum-tube dis(4iarges used as light 
sources. 

The Relative Ionizing Powers of Positive and Negative Ions. — Ion- 
ization by electron imj)acts has been dis(;uvssed under Incandescence 
and Luminescence.’^ The proc('ssihat takes place when the impacts are 
due to positive ions is probably similar. Quantitatively, however, 
there are great differences. The probable causes are the great differ- 
ences in mass and size. The mass of an electron is 9.01 X 10“^® gr., 
its diameter about 4 X cm. The mass of the hydrogen molecule, 
the smallest (except helium) and the lightest of all molecules, is 3.32 X 
10“^^ gr., its effective diameter about 2.3 X 10~® cm. The ratio of 
masses is 1: 3700; of diametei:s, about 1 to 6 X 10^. 

Now, if ionizing is a mechanical process, it is to be expected that not 
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only the energy delivered by the impact but also the method of delivery 
will be important. The mean free path of the positive ion is less than 
that of the electron. This, combined with the apparent fact that the 
ion loses at the impact practically the whole of its directed velocity, 
means that on the average the positive ion does not attain between 
impacts the kinetic energy that the electron docs. The force on the 
two being the same, the work done between impacts by the field setting 
them in motion is less for the larger positive ion because the distance 
is less. 

The relatively great diffi(;ulty experienced by the positive ions in 
reaching ionizing velocities and in delivering impacts of an ionizing 
nature is responsible for the great cathode potential drop in ordinary 
vacuum discharges. Without that great drop, it seems impossible to 
obtain, frequently enough for self-maintenance of the discharge, the 
combinations of ionizing velocities and ionizing types of impact. 

The Maintenance of a Self-Sustaining Discharge. — The main- 
tenance of a discharge requires the continuous production of ions. In 
the self-sustaining discharge, which is independent of any external 
source of ionization, ions must be formed at the cathode, for if electrons 
are not formed or lil)erat(^d there, there will be no means of ionizing in 
the negative glow and no means provided for the carrying of the dis- 
('harge current. The c^athode will not emit electrons unless it is very 
hot or unless it is subjected to tremendously high field strengths. 
Therefore, the method of ion and electron production at the cathode 
must be one of ionization. Since at the cathode the motions of the 
electrons are in the wrong directions for them to have attained ionizing 
velocities, the ionizing that does occur at the cathode must result from 
the impacts of positive ions. 

A large potential droj) between cathode and negative glow is favor- 
able for ionization by j)Ositive ions leaving the negative glow. These 
positive ions after ionizing atoms at the cathode together with the posi- 
tive ions there formed, which escape recombination, at once receive 
electrons from the cathode and become neutral molecules or atoms. 
However, thos(' electrons freed by the ionization, which escape im- 
mediate recombination, are forced away by the field toward the 
negative glow. On their way certain impacts take place, resulting in 
further ionization; but owing to the strong field very little recombina- 
tion takes place until the region of low potential gradient in the negative 
glow is reached, where conditions satisfadory for a great amount of 
ionization and recombination of ions and the consequent glow are 
found. The mutual dependence of the ignizations in the negative glow 
and the cathode glow upon each other is nicely shown by the introduc- 
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tion of an obstacle in the Crooke dark sp)ace. The glow in the normal 
projections from this obstacle upon both the cathode glow and the 
negative glow disappears. 

The relatively low j^otential gradients between negative glow and 
anode arc due to the fac^t that the electrons coming from the negative 
glow are not required to ionize the gas on the way to the anode in order 
that the discharge current may bci carried. That it does ionize the gas 
in the positive column is an incidental fa(!tor whicli is fortunate from a 
light-production standpoint. 

The Vacuum Discharge as a Source of Light. — What has been said 
on the production of light following (complete or incomplete ionization 
in the secition on Tncand(»scence and Luminescences ’’ applies directly 
here. The luminous regions of the dis(‘hargc are regions in which there 
are, as a result of ionization, copious supplies of ions for recombination. 

Since energy dissipated in the (Vooke dark space is not directly 
productive of light, but rather of maintenance of discharge, luminous 
efficiency considerations indicate thfit tlu' energy dissi])ated there should 
be reduced as far as i)Ossible. Inhere are at least four methods of 
procedure along this line: (1) selection of a nisidual gas which is easily 
ionized; (2) selection of a cathode material which acts very favorably 
as a catalyst in the production of ions at the cathode; (8) sekn^tion of a 
cathode of sufficient size to j)ermit of a low cathode^ fall wlu'U in opera- 
tion; and ( 4 ) selection of operating (conditions wi(h a large proportion 
of the total potential drop across the tube loca,t(Ml in the ])ositive column. 
Another important consideration from a diffc'rent viow])oint is (5) the 
selection of a residual gas whose radiation falls largely within the de- 
sired portion of the visi[)le sjK'ctrum. 

The hoj)es fcjr a new light source based ui)on the vacuum discharge 
will de])end jnimarily upon the finding of a gas or vapor which, when 
electrically excited in the dis(^hargc tulxi, will yield radiation falling 
predominantly^ in the visual region, so as to produce high luminous 
efficiencies, or, if not i)r(‘(.lominantly so, in su(*h inaiiiKu- as to produce 
desired color effects. As to the efficiemey, the theoretical limit seems 
to be approximately that of the aiaximum visibility of radiation, viz., 
670 lumens per watt. 


The Mercury-vapor Lamp 

Conduction Process. — A graphic picture of the electrical conditions 
in the arc column of the nuTcury-vapor lamp would show them to be 
quite similar in some respects to the conditions of the vacuum-tube 
discharge, but different in other respects, the tube being filled during 
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operation with mercury molecules, mercury ions and electrons. These 
molecules, ions and electrons are moving with various characteristic 
velocities and in individual directions determined by their collisions 
with their fellows, according to the kinetic theory of gases. This 
commotion, characteristic of all gas molecules, is further complicated 
by the fact that a constant difference of potential of about volts 
per inch of arc length is maintained on the electrodes, and that because 
of the heat of the cathode and the impact of the electrons, ions and 
molecules on each other and on the electrodes, more electrons and ions 
are produced than are usually needed to carry the current. The effect 
of the electromotive force on this gas column is to produce the arc 

TABLE XXVIII 


SeoBation Value 



Red 

Green 

Blue 

Black body at 5000 (perfect radiator) 

33-3% 

33.3% 

33.3% 

Blue sky 

20.8 

27 2 

40.0 

Afternoon sun 

37.7 

37.3 

25.0 

Carbon (Cem) lamp 

50.9 

40 6 

8.5 

D.C. carbon arc 

41.0 

36.3 

22 7 

Mercury- vapor arc . . 

29.0 

30.3 

40.7 

Hefner lamp .... 

54.3 

39.5 

6.2 

Carbon incandescent lamp 

51.1 

40.5 

5.4 

Acetylene 

48.6 

40.8 

10 6 

Tungsten incandescent lamp 

48.3 

40 8 

10.9 

Nernst 

49.2 

40.7 

11.1 

Incandcsc(*nt gas mantle', 1 % cerium. 

42 5 

40.8 

16 7 

Incandescent gas maiille, -}% cerium 

45.4 

42.0 

12 6 

Incandcsc('.nt gas mantle, 1]% cerium 

47 2 

41 8 

11 0 

Ycl 1 ow-fl ame arc 

52.0 

37 5 

10 5 

Moore carbon-dioxide tube 

31.3 

31 0 

37.7 


current, which may be (considered as a continuous drift of electrons from 
the cathode to the anode and a relatively much slower movement of 
positive ions toward the (cathode. The excess of ions and electrons 
produces the effect of a partial short circuit which has a continuous 
tendency to become more complete. The result is a periodic increase 
of current and fall of potential of a frequency determined by the capaci- 
tative and inductive reactance of the arc column and of the supply 
circuit. 

Color. — The whiteness of the mercury- vapor light is due to the 
combination of the nearly complementary hues of the yellow-green lines 
with the blue and violet lines. The difference between such a subjective 
white and true white light is apparent /mly when one examines objects 
of colors other than those making up the subjective white, since, as has 
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been said elsewhere, colored objects have their color by virtue of the 
colored light they are able to reflect. 

On the basis that white light is one-third each of red, green and blue, 
the mercury arc light gives the effect of being 29 per cent red, 30 per 
cent green, and 41 per cent blue. Green and red produce the sensation 



slO^ Microns(iLL) Wireless 16 x A to 120,000,000 x lO'’ A Kocnti^cn Rays 2 A to 12 A 

«10* Millimicrons (m/t) Unexplored 12 A to 600 A 

adO^^ AoKBtrom Units (A) 

Fjg. 11. Kncr^y Distribution in Various Illuininants, 


of yellow; therefore, the mercury arc light may be said to be 59 per 
cent yellow and 41 per cent blue, there being an excess of 1 per cent 
green and 12 per cent of blue light more than needed to produce the 
sensation of pure white. This excess of blue and green is apparent. 
The variation from whiteness in comparison with other commercial 
illuminants and for sunlight is shown in Table XXVIII. 



STARTING OF A DISCHARGE 


143 


In connection with modern high-efficiency light sources, a question 
is sometimes raised as to the amount of ultra-violet light from the 
various sources and the possible pathological effects. In this connec- 
tion only the ultra-violet light transmitted by ordinary glasses, as 
indicated for crown glass in Fig. 41, is to be considered. While this is 
the region of the maximum sensitivity of ordinary photographic plates 
as is also indicated in Fig. 41, researches have shown that, regardless 
of the source, the ultra-violet light transmitted by ordinary glass lamp 
bulbs or tubes has no appreciable pathological effect on the human 
eye. 

Operation 

Starting of a Discharge. — The starting of a discharge in a vacuum- 
tube consists in the creation of a source of electrons within the tube. 
This may be brought about by outside ionizing agents by heating the 
cathode or a part of it to incandescence, or by applying excess voltages 
to the discharge terminals and thereby giving the few scattered ions 
always found present (probably in consequence of penetrating radio- 
active rays) the necessary speeds for producing ions by collisions and 
establishing ultimately the mutually dependent luminous cathode and 
negative glows. This latter method is the usual one. It requires 
temporarily a much higher voltage than the voltage which will maintain 
a discharge once started. 

To start the mercury-vapor lamp, it is only necessary to start and 
maintain the formation of electrons in a so-called “ hot spot on the 
surface of the mercury cathode. Collisions with mercury molecules 
immediately result in the formation of more electrons and ions than are 
needed to form a current, with results to be detailed later. The tem- 
perature of this spot may be accounted for by the very small cross- 
section of the spot and the fact that some 18 watts of energy are con- 
verted into heat in this small area of liquid vapor intersurface, the 
cathode drop in potential being about 5.3 volts. There is a difference 
of opinion as to whether ionization at the cathode results from the 
direct emission of electrons from mercury vapor heated far above its 
boiling point or whether it results from the impact of positive ions upon 
hot molecules. In either case the condition is easily produced by 
bringing the mercury cathode into contact with the anode and then 
breaking the circuit thus formed, as with the ordinary carbon arc. This 
tilting method is now used to start the relatively small quart^z-mercury 
lamps. An alternative automatic starting method, standard for the 
glass lamps, consists in short-circuiting a* small current through the 
arc-regulating inductance in series with the arc. This current is broken 
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by a mercury switch or shifter ” magnetically operated by the in- 
ductance coil itself. The resulting induced high potential is sufficient 
to start a localized cathode discharge and the arc is formed. A metallic 
coating placed on the outside of the cathode end of the tube opposite 
the mercury cathode and connected to the positive side of the supply 




Fig. 42. Arraiigoment of Circuits for 'Dirert-nirrent Merniiry Vapor Lamp 
and Detail of Auxiliary. 


circuit, serves to increase the electrostatic capacaty of the cathode and 
hence to give a greater current density to the induced high-potential 
discharge when it is localized to form an arc. (See Figs. 42 and 43 
for the arrangement of the circuits.) 

The heat of the cathode* hot. spot in an operating lamp is highly 
localized, so that in a glass mercury-vapor lamp the arc column tern- 
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perature varies from some 500° C. in the center to about 125° C. at the 
surface of the tube. Therefore, the vapor pressure seldom rises above 
1 millimeter. There is a potential drop at the anode of about 5.7 volts, 
and the anode is so designed that its temperature is normally about 
350° C. 




Flo. 43. Arrangement of Circuits for Alternating-current Mercury Vapor 
Lamp aiui Detail of Auxiliary. 


When operated upon an alternating current, the filament temperature 
of an incandescent lamp follows the fluctuation of the current, produc- 
ing flicker of twice the current frequency. Befcauso of the persistence 
of vision, this flicker is only noticeable on low-frequency circuits. The 
nature of the work largely determines whether this flicker will be objec- 
tionable. The multiple images and optical illusions, known as the 
stroboscopic effect when associated with periodic circular motion, are 
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most noticeable in connection with moderately high-speed machinery 
and light sources of high intrinsic brilliancy. In the alternating- 
current mercury-vapor lamp, the actual tube current is not alternating 
but a pulsating direct current. Furthermore, the intrinsic brilliancy is 
very low and the light source correspondingly large. Both of these 
properties permit the u.se of this lamp on 25-cycle circuits except under 
very unusual conditions. 


Characteristics 

The wattage of a lamp of a given size is limited by the heat-resisting 
quality of the glass used. Two types of lamps have, therefore, been 
developed, one of glass to operate at relatively low temperatures, and 
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Fig. 44. Volt-ampere Starting Characteristics of Standard Lamps. 


one of fused quartz to operate at relatively high temperatures. The 
normal volt-ampere characteristic of a lamp is determined primarily 
as a very complex function of the mercury-vapor pressure and density 
and of the length and cross-section of the tube. With the tube dimen- 
sions fixed, the vapor pressure is determined largely by the minimum 
temperature within the tube, while the vapor density varies according 
to the heat distribution, being in general a minimum along the central 
axis of the tube. In standard industrial units, the normal volt-amper- 
age is then finally determined through the tube temperature by a con- 
densing chamber in the form of a J^ulb on the cathode end of the lamp 
tube. A condition of complete equilibrium is reached when the light 
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and heat radiated and conducted from the tube equal the electrical 
energy input. The effect on the tube characteristics of the tempera- 
ture rise during starting is shown in Fig. 44, where the voltage and 
current are plotted as functions of time. In the actual design of a lamp 
these several variables are so bal- 


140 


130 


120 


no 


100 


90 


o70 

> 


50 


40 


20 


10 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

8 


\ 






/ 

N' 

ai 

1 

p 

\ 

\ 

\ 

.~u 



1 

1 

1 

1 

8 

1 

1 


iF 

\ 

\ 


s 

8 

I 


1 

1 

1 




V 







D 

1 




> 

.. E 

1 

si 





L 





N 




c 

f 


— 







\ 

-V 

\ 









\ 

/ 

N 

N" 

) 

I 


1 — 







7 









7 

0 







A 


r 1 
/ 

cp/ 

/ 





1 




#1 






1 


7^ 

fy 






1 

1 

1 


1140 


130 


120 


no 


anced as to give at once that crit- 
ical vapor density at which the 
light-giving efficiency is greatest 
and a volt-ampere characteristic 
allowing maximum current regula- 
tion with a minimum sacrifice of 
wattage for that purpose. 

For transient variations of the 
current, this inverse variation of 
voltage is chara(;toristic of the 
mercury arc, a cathode phenom- 
enon apparently, for whole 
range of practical cairreni values 
and arc tcMiiperatures. It is most 
pronounced for low currents, })ut 
decreases rajiidly with increase of 
normal current. I^or slow changes 
of the current, this same volt- 
ampere relationship is character- 
istic up to a certain criti(;al current 
value. With further increase of 
current from this ])oint, the tube 
voltage passes through a minimum 
and then rises rajiidly as shown in 
Fig. 45. For maximum light effi- 
ciency, the rncrcury-vaiior lamp is 
operated at the ])oint of minimum 
tube voltage, where, if unre- 
stricted, the arc current will fluc- 
tuate over a wide range on con- 
stant voltage. In order to operate this unstable and essentially constant- 
current device on supposedly constant-voltage power lines, two forms 
of regulation are necessary. The current is steadied by an inductance 
coil, connected in series with the arc and as diret'tly as possible to the 
cathode, so as to oppose every transient action of the current by an 
instantaneous induced reaction. The falling voltage characteristic of 
the arc as well as the voltage variations of the line are compensated by 
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an ohmic resistance in series with the inductance coil and the arc as 
shown in the wiring diagram, Fig. 42. This resistance is so chosen that, 
for normal operation, with [iny increase of current, the decrease in arc 
voltage will be less than the increase in resistance potential. In Fig. 
45, curve DOEUF is the volt-ampere characteristic of a mercury arc 
showing inherent stability above and instability below 4 amperes. 
Line PUOR represents the line voltage minus the resistance voltage 
for various currents; or, in other words, the voltage available at any 
time for arc operation. Point U is, therefore, one of arc instability, 
since any current increase is accelerated by the resulting excess arc 
voltage. On the other hand, point 0 is one of stability, a current 
decrease being opposed by an exc^ess of arc voltages and an increase being 
limited by the available arc voltage. In tliis casc^, tlie regulr.ting series 
resistance is 11 ohms. •C'^iirve CHOM^ the volt-ampere characteristic 
curve of the whole lighting unit, is the continuous sum of the resistance 
potentials BOR and the arc })otcntials. Point 11, ther(iforc, represents 
the minimum maintenance current and voltage of the outfit for the 
amount of regulation used. 

With continued usc^, it is found that the pressure du(' to the residual 
gases in discharge tubes gradually decreases. This results finally in 
a condition in which, for both the sbirting and the maintenance, higher 
voltages are re(iuired. The molecules of the* gas arc driven upon the 
electrodes or the glass walls, where they adiien', or cvmi, as tests show, 
into the glass or (;lectrod(»s. Some oi tlie gas may be nicovenid by 
heating the glass walls of the tube, and the tube thereby may be par- 
tially rejuvenated. This phi'iiomenon is cjuitci similar to that which 
occurs in vacuum tungsten lamps, where residual gases are also driven 
into the walls of the containing vessel. 

The Alternating-current Mercury Arc Lamp 

The alternating-current lamp is a highly specialized form of single- 
phase constant-voltage mercairy-vapor rectifier. As shown in Fig. 4G 
the construction is idtmtical with that of the din^ct-cairrent lamp except 
that there arc two anode elect rodes. The curnuit in the lamp tube is a 
pulsating direct current of a frequency twice that of the alternating 
current, as is ap!)areiit from the oscillograph curves of Fig. 47. The 
mercury arc is essentially an unidirectional conductor bec^ause it is 
dependent uj)on the existence of a so-called cathode “ hot si)ot which 
forms on the mercury electrode but not on the iron elec^trode. This 
can be formed and maintain(5d at a low voltage, 5.3 volts at ordinary 
temperatures, only on mercury and certain of its alloys, and on(;e formed 
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is itself only maintained by continuous operation. The cathode\)f 
the lamp is connected through inductance to the middle point of thi^ , 
secondary of an auto-transformer, while the anodes are connected 
to the terminals. Therefore, the cathode is continuously negative with 
respect to one or the other anode during operation. Tlic arc is started 
by an induced voltage, the mercury electrode becoming the cathode for 
the reasons indicated above. Thereafter, the cathode functions as 
continuously negative with respect to one or to the other anode. Thus 
the two halves of the transformer secondary and the anodes connected 



P'kj. 46. Alternating-current Mercury Vapor Lamp. 


to them function iiltcrnately, the arc shifting from one to the other 
anode with tlie alternations of the supi)ly current. The series induct- 
anc^e, in addition to st(\adying the current for transient variations, has 
the more imj)ortant function of sustaining the c,athode spot and the arc 
current during the time of zero voltage, or, in other words, of causing 
the curr(uit- to a given anode during a half (ycle to lag its voltage and 
ov^erlap the current- to the other anode to such an extent that the result- 
ant arc current never falls below the minimum maintenance value. 
Although the potential betw('en the two anodes is obviously double that 
between the active anode and the cathode, there is little or no leakage 
between them, since no cathode spot is formed^ on them under usual 
conditions. For an alternating current of a given frequency, the 
minimum sustaining inductance is definitely determined and this also 
fixes the maximum practic^al power fautor of the outfit. 
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Regulation, such as that provided by series resistance in the case of 
the direct-current lamp, could obviously be provided by inductance 
or choke coils instead of ohmic resistance at a slight gain in efficiency, 
but with the disadvantage of low power factor, viz., 50 per cent. 

Figure 47 shows some of the relations between voltage, current and 
time in various parts of the standard alternating-current lamp. A, the 

primary voltage, is approximately a sine 
function as usual, but the current wave 
form, B, is distorted by the reacitance and 
the arc characteristic of the secondary circuit. 
D is the electromotive force between the 
art; cathode and the active anode, while H is 
the electromotive force during the succeed- 
ing half cy(;le when the other anode becomes 
the active one. C is the anode current cor- 
responding to voltage, while G is the 
current in the other anode during the 
succeeding half cycle. E is the voltage 
drop in the anode resistance units during 
their current-carrying intervals. I represents 
the superimposed anode currents, while J 
is the resulting rectified arc current. L 
shows the superimposed arc voltages and 
their induced overlap which causes the 
anode (airrent to overlap as in I, Curve K 
showing the voltage drop in the direct- 
current reactance coils is of unusual in- 
terest. The inductive reactance of the arc 
circuit and the arc characteristics causes the 
pulsating arc current to rise more slowly 
than it decreases. The point of anode- 
current overlap also comes during the time 
of arc-current decrease. The bearing of 
these facts upon the wave form of the direct-current reacitancie volt- 
age is evident from J and K. Thus points of zero voltage correspond 
to zero time rate of current change, maxima and minima of current, or 
to momentarily constant current; while the points of maximum volt- 
age come when the time rate of current change is a maximum. The 
effect of the overlap discontinuities of the arc current on the cor- 
responding induced voltage maximum is evident. During the period of 
current overlap, current flows tp each anode, and there is during that 
time no potential difference between them, as shown by a prolonged 
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interval of zero voltage on the approximate sine curve of the voltage 
between the two anodes. The energy represented by this variation 
from the full sine curve form of the transformer secondary electromotive 
force is momentarily absorbed hi the common coils of the transformer, 
which are constructed for high self-inductance against each other. 



Fig. 48. Current and Power Variations with Varying Voltage for the 
Direct Current Mercury Arc Lamp. 


As is evident from B and J, Fig. 47, the tube .current fluctuates over 
a much smaller range than does the usual alternating current. This 
fact and the lower intrinsic brilliancy account for the success of the 
lamp for high-intensity illumination on alternating current of frequen- 
cies as low as 25 cycles. On the other hand, alternating-current lamps 
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are built for operation on frequencies as high as 133 cycles by modifica- 
tions in the auto-transformer design. 

Constant-voltage power distribution is the rule, but variations from 
line-voltage ratings due to inadequate power-station equipment, faulty 



Fig. 49. Current and Power Variations with Varying Voltage for the 
Alternating Current Mercury Arc Lamp. 


distribution systems, and occasional local overloads, are as universal. 
Therefore, the current, wattage, candlepower, efficiency and other 
operating characteristics of most electric lighting units are best studied 
as functions of the applied voltage and in terms of variation from normal 
operation. 
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The variations in current and energy with varying voltage are as 
shown in Fig. 48 for the direct-current lamp as regulated for ordinary 
voltage variations from 110 volts. The lines would be slightly more 
curved for normal operation on higher voltage, straighter for lower 
voltage, depending upon the amount of regulating series resistance. 



Fig. 50. Candlepowcr Variation with Varying Voltage for Mercury Vapor Lamps. 

The variations in current and energy with varying voltage are as 
shown in Fig. 49 for the alternating-current lamp. In this lamp normal 
operation at various voltages is provided for by a choice of transformer 
taps. The regulation of the outfit is, ^therefore, unchanged, and these 
curves are general in their application. 
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A comparison of Figs. 48 and 49 shows that the regulation of the 
alternating-current lamp is about two and a half times as great as that 
of the direct-current lamp. The greater curvatures of Fig. 49 show the 
effect of the positive temperature coefficient of resistance of the iron 



Fig. 51. Efficiency Variation with Varying Voltage for Mercury 
Vapor Lamps. 

wire resistance unit used in the alternating-current auxiliary. As is 
evident from Figs. 45 and 49, the ohmic resistance of the iron wire 
increases with increase of current in contrast to the nearly constant 
resistance of the resistance unit used in the direct-current outfit, and 
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hence the ratio of the current to the voltage, the apparent conductance 
of the outfit, decreases with an increase of energy input and vice versa. 
Obviously, too, the regulation is greater when the lamp is operating on 
over-voltage since a relatively larger proportion of the energy is being 
absorbed in the series resistance units. 

Figure 50 shows the variations in candlepowerwith varying voltages. 
Here, again, the greater regulation on over-voltage, as well as the greater 
normal regulation of the alternating-current lamp, is apparent. Al- 
though of little practical importance, it is of interest to note that, aside 
from the matter of efficiency, the direct-current lamp operates to the 



Houre 

Fig. 52. Depreciation Characteristic Alternating-current Mercury Vapor Lamp. 

best advantage on over-voltage while the alternating-current lamp has 
the advantage on under-voltage. 

Figure 51 shows the variations in efficiencies, measured in lumens per 
watt, with varying voltag(\ Tlu' increase of efficiency with sacrifice of 
regulation in the alternating-current lamp on under-voltage is apparent. 

The decrease in efficiency on ov(T-voltagc is a limitation placed by the 
auxiliary regulating devices and not necessarily a characteristic of the 
mercury arc itself, since ai)y)roximately one-third of the energy used in 
the unit does not (jontribute to the production of light. 

The depreciation of a dire(d/-current lamp is slightly less than that of 
the alternating current unit whose (mrve is shown in Fig. 52. 

Table XXIX is a tabulation of some of the characteristics of standard 
types of mercury-vapor lamps. The larger tubes are used in blue- 
printing machines rather than for lighting, and illumination data are, 
therefore, omitted. These straight tubes are modified into specialized 
forms by variations in length and by bending the standard 50-inch tubes 
into U and M shapes for photographic enlarging outfits. 
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TABLE XXIX 


Current 

Length of Luminou.<! 
Tube m Inches 

Terminal Volts 

Amperes 

Power Factor 

Watts 

• Mean Spher. 

Cp. Bare 

£ 

CO 

a n 

v 

3 S 

K . 
— tl3 

Q> 

il 
* « 

Watts per Candle 

Lumens per Watt 


Direct ... 

50 

no 

3 5 


385 

500 

16 2 

830 

46 

13 5 

Illumination 












Photography 

Direct 

2-50 

220 

3 5 


mnrn 

855 

14 0 

1460 

53 

11 8 

Illumination 












Photography 



milm 










Alternating 

50 

or 

4.7 

85 

WMil 

540 

15 0 

895 

50 

12 5 

Illumination 



220 









Photography 


67 

no 

7 








Blue Printing 


67 

■na 

15 








Blue Printing 


3 

no 

4 


440 






Quartz Arc 


■ 

220 

4 


880 






Quartz Arc 


• Rating of Illuminating Engineering Jjahoratory, General Electne Co 

t Made also for alternating current. Variations in length and shapes of above lamps provide some 
25 standard lamp tubes. 


Nemst Lamp 

[A. G. Worthing] 

During the first dec^acle of tho |)n\sent rontury, the Nernst filament 
lamp made consideniblo headway in the lighting field, but along with 
its high efficiency it iiosscssed certain unsntisfactory features. With 
the appearance of metal filament lamps possc'ssing still higher operating 
efficiencies without tli(‘ disadvantages, it (piickly disapjK^ared from the 
commercial field. I^ractically none are in use at the jiresent time out- 
side of the research laboratory. However, the jiossibility of the future 
development of a higli-efficiency lamp based on the same principle of 
construction and operation seems to be sufficient to justify some con- 
sideration of the lamp as it was made and used. 

The Nernst glower, closely related to the incandescent gas mantle, 
and in fact suggested by it, differs from it prin(‘ipally in the method of 
heating to incandescence. Tlie solid structure of rare earth oxides of 
the latter is heated with a gas flame while that of the former is heated 
electrically. 

The filament of the Nernst lamp is a solid ehictrolyte composed 
principally of rare earth oxides, such as zirconia, yttria and thoria. It 
was usually shaped, for ordinary 110- volt service, into short rods about 
2 cm. long and about 1 n\m. in diameter. Platinum wire, wrapped 
around the rods near the ends and covered with the filament material, 
served as current leads. For convenient operation certain accessory 
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mechanisms were necessary: (1) The glower proper at room tempera- 
tures is non-conducting and requires preliminary external heating to 
make it conducting. This was accomplished in the commercial unit by 
mounting, near the glower, the heater coil which was automatically 
cut out of circuit when the current passed through the glower proper. 
(2) As with all electrolytes, the temperature coefficient of resistance of 
the Nernst filament is negative. Furthermore, the coefficient is of such 
great magnitude that any increase in current through a filament is 
accompanied by a decrease in the potential drop over it. For the 
operation of Nernst lamps on constant-voltage circuits it is necessary 
to use series ballast resistances, which, together with the glower, give 
an increase in potential drop over the whole for an increase in current 
through it. In the commercial unit, a series ballast containing a small 
iron wire in hydrogen was made use of. 

Among the disadvantages possessed by the unit were (1) the interval 
of several seconds between the starting of the heater coil and the light- 
ing of the filament; (2) the existence of four fundamental parts to the 
unit, any accident to any one of which was sufficient to prevent the 
further operation of the unit; (3) the danger which accompanies the use 
of any incandescent material, unenclosed, in interiors. Due to the 
electrolytic destru cation of the glower material at the electrodes and the 
evolution of oxygen, it was found impossible to operate the glower for 
any length of time in a vacuum. It is probable that the glower might 
safely have been mounted in a bulb containing oxygen, but this was 
not done. 

The operating efficiency of the Nernst glower is somewhat better 
than that of the metallized graphite filament lamp, called the gem lamp. 
In color it is about the same as that of the early vacuum tungsten lamps; 
its color temperature is about 2400° K. It possesses a very high bright- 
ness, of the or(l(^r of the present lower-wattage gas-filled tungsten 
lamps. Probably its true temperature is not far from its color tem- 
perature. 

From the standpoint of light production, certain oxides are very 
favorably selective in llieir radiation and some are very refractory and 
capable of withstanding very high temperatures. 

A combination of those two factors in some individual mixtures of 
oxides or nitrides or some other compounds, obtained after the manner 
of the Nernst glower, and capable of giving a luminous efficiency much 
beyond the present incandescent sources, is not beyond the bounds of 
probability. 
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The Firefly and Other Photogenic Organisms 

[A. G. WOKTHINO] 

The Firefly. — Ordinarily the production of light is associated with 
high temperatures or disruptive electrical discharges; but in living 
organisms possessing ordinary temperatures there are sources of con- 
siderable magnitude. ’ How light production is accomplished without 
any apparent injury to the organism is a question of great theoretical 
and practical interest. 

There are several kinds of fireflies which differ in habits and in en- 
durance, type and color of flashes and glows. Variously they are 
described as silvery white, bluish green, greenish yellow, reddish yellow 
and orange red. The luminous organs arc generally located in two 
segments near the rear of the body on the under side. The purpose of 
these photogenic activities, it is generally agreed, is one of attraction for 
the opposite sex. It is also possible that the flashes serve to blind or 
frighten away enemies, and the tcndeni^y of the organisms to flash 
rapidly when touched would seem to be in accord with this view. 

Other Living Photogenic Organisms 

The firefly is not unique as a light-giving organism. Among animals 
there may be mentioned the centipedes of the Geophilidae family, the 
glow worm, the noctiluca (that whidi lights by night), tlie main source 
of phosphorescence of the summer seas, the deep-water fish of the 
Scopelidae family which with their rows of brightly lighted eye-spots 
appear like miniature warships on a darkened sea, and the ostracod, 
Cypridina hilgendorji, a small marine animal found in abundaiK^e off the 
coast of Japan. The last-named organisms are readily obtained at 
night from fish heads, on which they feed. In indication of their possible 
importance, one experimenter says, For the siz(‘ of the animal, the 
light-giving substance is relatively enormous and its light -giving power 
incredibly great. Suffice it to say that one part of luminous gland 
substance in 1,000,000,000 ]>arts of water will give visible light under 
proper conditions. In higher concentrations the light, is correspond- 
ingly stronger, plenty strong enough in fact to be used for illuminating 
purposes could a sufficient quantity of material be sjuithcsized.^’ 

Among plants, there arc various fungi, e.g., the Agaricas melleus 
which is responsible for the phosphorescence of rotting wood, and vari- 
ous algae or primitive seaweeds. 

Spectral Energy and Luminosity Distribution. — Spcctial energy 
curves of firefly radiation have been obtained by means of a spectral 
photographic method. By first holding, for a suitable length of time 
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(1 to 5 hours), several flashing or glowing fireflies in succession in front 
of the slit of a spectrograph and allowing their radiation to fall on a 
photographic plate placed in the focal plane, and then by forming an 
image of an incandescent carbon lamp filament on the same slit and 
similarly exposing, spectral photographic action curves, similar to the 
ones shown in Fig. 4, were obtained. From the ratio of the photo- 
graphic actions at the same wave-lengths and the known spectral energy 
distribution of the 
radiation from the 
carbon filament, the 
spectral energy curve 
(Fig. 53) from the 
firefly radiation has 
been computed. | 

The corresponding ^ 
spectral luminosity ^ 
curve (see also Fig. | 

53), showing how the ^ 
firefly\s radiation from 
the standpoint of vis- 
ual effects is distri- 
buted with respecjt to 
wave-length, was then 
easily obtained with Distribution (un-cross- 

the aid of the Visibility (cross-hatched) of the Radiation from a Firefly 
curve. It- is interest- {Pfwtmus pyralis), 
ing to note how nearly 

the two curves coincide when plotted to tangency at the wave-length 
of maximum visibility. Careful measurements indicated practically 
no infra-red or ultra-violet radiations. 

The total rate of emission of energy by a glowing Cuban firefly is 
about 1/100,000 watt; its caiidleiiower is about 1/1000 candle. Other 
glowing fircflic'S have candlepowers of 1/250,000 to 1/50,000 candle. 
During flashing these values may increase ten- or twenty-fold. 

Luminous Efficiency. — The efficiency of the Photinus pyralis firefly 
expressed in jx^r cent of the maximum at 0.550)u is giA^en by the ratio of 
the areas enclosed under the two curves of Fig. 53. It is about 89 per 
cent. This means in absolute units 560 lumens per watt. Another 
species, PJwturis Pennsylvanicus^ gives 92 per cent of the inaximum or 
600 lumens per watt. It is interesting to compare the curves of Fig. 53 
with the corresponding curves for tungsten at 2200° K. as shown in 
Fig. 3 and to contrast these efficiencies with 10 lumens per watt for 
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vacuum tungsten lamps, 20 lumens per watt for the more efficient gas- 
filled tungsten lamps and about 35 lumens per watt for the high-eflSciency 
flaming arc. 

It should not be forgotten, however, that in the p;*eliminary steps, 
that is, in the formation of the photogenic compounds, the energy 
transformations may possibly be attended with considerable waste. 
Even granting this, there would seem to be great possibilities for con- 
servation of fuel in artificial light production if it were possible to 
imitate the methods of these photogenic organisms. 

Source of Radiation. — The main source of radiation in the firefly and 
other photogenic organisms is oxidation. In the firefly there are special 
air passages leading to the luminous organs. Oxygen brought in through 
these passages reacts with luciferin, one of the two substances secreted 
within the luminous organs. The second substance secreted is called 
luciferase. It serves merely as a catal^d/ic agent. 

Given the materials, it is not difficult to understand the source of 
the continuous glow. Flashing, however, involves additional processes, 
perhaps an intermittent supply of one or more of the materials, or 
possibly an electrical discharge within the organism. Whatever the 
process, it seems to be a serious drain on the energy supply of the or- 
ganism. Repeated flashing, stimulated by the animars attempt to 
escape captivity, often results in a short time in death. 

Future Possibilities. — The light-emission property of these photo- 
genic organisms is independent of the life of the organism. The active 
material of fireflies may be dried, reduced to a powder, kept for a con- 
siderable time, and later mixed with water containing air in solution, 
whereupon the luminescent glow will reappear. Likewise, it lias been 
found that the mixing of one c^f the two secretions found in photogenic 
organisms with various other organics or inorganic; materials, particu- 
larly blood, will produc*e (;harac;teristic glows, some bright, some dim. 
In the Cypridina hilgendorfij as stated, the light production is of such 
intensity as to be satisfactory for illuminating jmrposes. 

With these facts in mind, and c;onsidering the nature of advances 
in all lines of researc*h in the past, it would seem but a matter of time 
before the active matter of the secretions of these photogenic organisms 
will be completely isolat(;d, the substances compounded synthetically in 
laboratories and supi)liecl in quantity to consumers, who may, either by 
the admission to the compounded substances of air or oxygen alone, or 
by its admission in the presence of an electrical discharge, obtain eflS- 
ciencies which are now only dreamed of. Furthermore, by variations 
in the aedive substances corresi>onding to those occurring with various 
species of fireflies, or by selection of the containing vessels, the con- 
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sumer will obtain also, without greatly decreased efficiencies, the 
aesthetic color effects which all look forward to but cannot, from a 
practical point of view, always obtain. 

PROBLEMS ON LIGHT SOURCES 

1. The intensity of the sun’s radiation outside the earth's atmosphere, on a sur- 
face normal to the rays, is given as approximately 2 calorics per sq. cm. per minute. 
Plot curves showing: (a) the rate at which energy is received per sq. cm. of earth’s 
surface as a function of the time of day; (b) the amount of energy already received 
during the day as a function of the time of day. Assume a twelve-hour day in which 
the sun at noon is directly overhead. 

2. Express with the aid of Table VII the lamp efficiencies of the candle, the 
kerosene, the coal-gas and the acetylene flame in lumens per watt. Compare with 
10 lumens per watt for the vacuum tungsten lamp, 20 for the high-wattage gas-filled 
tungsten, and 40 for certain of the flame arcs. Make a comparison also, taking into 
account the efficiency of transformation into electrical energy, of energy liberated 
as heat by burning gas or coal. 
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CHAPTER III 


PHOTOMETRY 

[F. E. Cady] 

Definition. — Photometry is that branch of illuminating engineering 
which deals with the measurement of light. It may be said to be the 
background without which the science and art of the subject would be 
an impossibility. The measurement of the result produced by light 
sources in rooms, halls, stores, factories, on the streets, and, in general, 
indoors and out-of-doors, has led to the development of methods of 
lighting and their application, and, where satisfac^tory results have been 
obtained, has permitted descriptions which in turn enable the results to 
be duplicated. 

Importance. — The importance of photometry has been recognized 
to such an extent that there are departments devoted to that subject in 
the great standardizing bureaus of Cermany, France, England and the 
United States. It was due to the efforts of the Department of Pho- 
tometry of the Bureau of Standards that standard specifications for the 
purchase of incandescent lamps were agreed u])on and are now used in 
the purchase of millions of lamjTS. The gas interests abroad organized, 
as far back as 1900, an International Photometric Commission to deal 
with problems relating to pliotomctry. Subsequently, this Commission 
was reorganized to include electric; lighting interests. 

Applications. — Photometry is used to determine the reflecting power 
of surfaces, such as painted walls, and the distributing power of shades 
placed around lamps. In former days, photometry was used almost 
exclusively to determine the light-giving power of sources, but it is 
now used in the measurement of the illumination produced by these 
sources, and also in the solution o£ experimental problems in physics 
and other sciences; in the study of the densities of photographic plates; 
and in optical pyrometry to measure high tem})eratures. In other 
words, the field of application of photometry has broadened enormously 
and is still growing. 

The Eye. — Photometry deals with the measurement of the ability or 
the capacity of light to aff^(;t the eye. It is not concerned with the 
velocity of light or the pressure of light or its action on plants or chemi- 
cals, except in so far as photometric principles or apparatus are used in 
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conjunction with the study of these characteristics. In all photometric 
measurements, the eye is, then, the final arbiter. It is the fundamental 
photometric instrument. However, the eye is extremely insensitive 
when it comes to making a direct judgment of the difference between 
the light-giving power of two sources. Fortunately, the eye is very 
sensitive to slight differences in brightness of two contiguous illuminated 
surfaces, and, with suitable devices, very small differences can be 
detected. This enables a zero method to be employed and is responsible 
for the development of the subject. When it comes to the question of 
measuring lights differing in color, a complication is introduced, due to 
the fact that, roughly speaking, the eye is not equally affected by the 
different colors of the spectrum. Numerous efforts have been made to 
find suitable apparatus and methods to replace the eye, but the results 
obtained by the so-called physical ” photometers must always be 
standardized in terms of those obtained with the eye. 

Definitions. — The following discussion is based on the work of the 
Committee on Nomenclature and Standards of the United States 
Illuminating Engineering Society.^ In photometry, the word “ light 
is used in two different ways; either to designate the visual sensation 
produced normally on the eye by radiant flux; or to denote the lumi- 
nous flux (q.v.) which produces the sensation. There are four funda- 
mental subjects or concepts associated with light; i.e., luminous flux, 
luminous intensity or candlepower, illumination and brightness. Of 
these, luminous flux is taken as the basic concept, and candlepower, 
brightness, and illumination are defined in terms of it. 

Luminous Flux 

The use of the word flux ” as applied to light is of comparatively 
recent origin. Luminous flux was probably first suggested by 
Professor Blondcl of Paris in 1894, and was given a definition by the 
International Congress of Electricians at Geneva, Switzerland, in 1896. 
The Illuminating Engineering Society of this country has been advoca- 
ting its adoption for some years and now most lamp manufacturers give 
their lamps a rating in lumens (the lumen is the unit of flux) instead of 
in candlepower. 

The definition given at Paris in 1920 by the International Com- 
mission on Illumination is as follows: “ Luminous flux (F) is the rate 
of flow of radiant energy evaluated with reference to visual sensation.” 
Someone has suggested as an hydraulic analogue the case of a hollow 
ball studded with small holes and connected to a supply of water under 
pressure. The water would then stream.out in all directions permitted 

^ This Committee will be referred to as the I. E. S. Conunittee. 
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by the holes. In the same way, electrical energy is transformed in a 
lamp filament to radiant energy which streams out in all directions, 
and that which is visible to the eye is called luminous flux. One of the 
principal advantages of this concept is the fact that it facilitates com- 
parison of various sources on the basis of their light output or produc- 
tion, per unit of power input, and further makes possible a (;onsideration 
of light in space wholly apart from the source producing it or any surface 
on which it might impinge. 

Luminous flux is defined as a rate of flow of radiation (proj)erly 
evaluated) and is analogous to power, which is a rate of doing work. 
But it is common practice to speak of power as transmitted and as 
coming from a soiinjc sueh as a motor, arul, in a similar way, luminous 
flux is spoken of as being emitted, transmitted, or intercepted. In 
recognition of this use, the International C'ommission added the follow- 
ing note to the definition of luminous flux : “ Although luminous flux 
must strictly be defined as above, it may be regarded for practical 
photometric needs as an entity, since the rate of flow may for such 
purposes be considered constant.” 

Candlepower 

If, in the case of any given source, the flux in all directions were 
equally distributed, it would not be necevssary to introduce the term 
candlepower or luminous intensity. But there is no practical source 
where the distribution of flux in all directions is th(^ same, and hence 
the need of some term, such as luminous intensity or c;andlepower, to 
indicate the solid angular density of the flux in a given direction. Thus, 
consider a luminous source, &*, of small dimensions and a small solid 
angle having its origin at the source and its axis in a direction P (Fig. 
54 i4) and including a uniform flux distribution. Suppose the solid 
angle to be 0.01 of a steradian and the flux to bt‘ 0.1 lumen. Then the 
solid angular flux density, or flux per unit solid angle, would be 0.1 -t- 
0.01 or 10 candles in the direction P, A similar solid angle in a different 
direction might include 0.5 lumens and the flux density would then be 
50 candles. 

If the light source is partially surrounded by a surface which absorbs 
all the radiation falling on it and reflects none of it as light, the (\andlc- 
power in a direction through the opening is unchanged (Fig. 54 B and 
C). Thus .the candlepower in one direction does not tell much about 
the flux, but the average candlepower is a very important factor in 
flux measurement. , 

Candlepower then in volves . direction, and for a particular source 
shows its capacity for producing luminous flux in the given direction. 
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While it is common practice to speak of the candlepower of a source, 
what is meant is the candlepower in a specific direction or the average 
in a number of directions. 

Definition. — The definition given in the 1918 Report of the I. E. S. 
Committee is as follows: “ Luminous intensity, /, of a source of light 
in a given direction is the solid angular density* of the luminous flux 
emitted by the source in the direction considered when the flux in- 




Fig. 54. The C.-indlepowor in the Direction of the Photometer is Not Changed by 
r*artially Surrounding the Tdght Source with a Non-refleetmg Surface. 

volved acts as far as computation and measurements are concerned 
as if it came from a point; or it is the flux per unit solid angle from 

dF 

that source in the direction considered. I = -z- 

ao) 

Mean Horizontal Candlepower. — Photometry deals with candle- 
power from three standpoints: the intensity in a single din'ction from 
the soiir(!e; the average intensity in a horizontal plane normal to the 
axis of a sour(‘e (generally a rotating source), called the mean horizontal 
candlepower; and the average intensity in all directions, called the 
mean spherical candlepower. 

Note. — Inasmuch as the word ‘^intensity” is used so frequently to indicate 
extent or quantity of other things, the term “eandl^p()wer ” will, in general, he used 
throughout this book to indicate luminous intehsity, and it is hoped thereby to avoid 
confusion. 
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The candlepower in a single direction is used in the case of stationary 
or non-rotating sources, such as flames, and in the case of incandescent 
lamps when they are to be used in a stationary position. In the latter 
case, the direction in which the candlepower is measured is sometimes 
indicated by marks on the bulb. In the case of cylindrical or conical 
flames, the candlepower in all directions in a plane normal to the axis 
of the flame is generally the same. When the candlepower of an 
incandescent lamp is spoken of, it is the mean horizontal candlepower 
which is referred to, unless otherwise defined. 

Mean Spherical Candlepower. — Th(i mean spherical candlepower 
is the average of the luminous intensities in all directions throughout 
a sphere having the source at the center. Or, considering a source 
having a uniform intensity in all directions, it is the candlepower which 
such a source would have to have in order to produce the same flux as 
the source in question. The mean spherical candlepower can be de- 
termined if the total flux is known, by dividing the latter by 47r. 

Unit of Candlepower. — The unit of luminous intensity is the candle, 
and the term candlepower is the liuninous intensity expressed in 
candles. While flux, as was previously stated, is taken as the funda- 
mental photometric quantity and luminous intensity is derived, the 
fundamental unit is that of luminous intensity, the candle, and from a 
measurement of candlepower, values of flux and illumination are 
derived by computation. 

The adoption of the term “ candle ” as the name of the unit of lumi- 
nous intensity was perfectly natural, since at the time it was adopted, 
candles were the most reliable sources available as n^gards constancy 
and reproducibility. (Considering the uncertainties in a unit main- 
tained by standard candles, the American Tiistitut(i of Electrical Engi- 
neers in 1897 recommended that the unit be based on the hefner lamp, 
and in 1902 recommended that the value assigned to the unit should 

be of the hefner. This value was generally accepted for a number 

O.oo 

of years. 

International Candle. — As the result of work done at the Bureau of 
Standards in 1904 and 1905, Hyde recommended that the unit be kept 
through the agency of incandescent lamps. He also inaugurated a 
movement which, with the assistance of the Am(ui(;an Institute of 
Electrical Engineers, the American Cias Institute, and the Illuminating 
Engineering Society, was successfully brought to a conclusion whereby 
England and France agreed to join this country in adopting a common 
value for the unit, which hasg since been called the “ international 
candle.” The unit in use at that time in tliis country was reduced 



LUMEN 


169 


by 1.6 per cent and thus brought into agreement with the existing units 
in France and England. Germany has so far refused to accept the 
unit, but has agreed to cooperate from time to time in comparisons to 
determine the relation between the international candle and the hefner 

At the present time 1 international candle = ^ hefners. 


Unit of Luminous Flux 

Lumen. — The lumen is the unit of Ituninous flux and is equal to 
the flux emitted in a unit solid angle by a source whose average candle- 
power throughout the unit solid angle is one candle (l^ig. 55). A 
source having a uniform luminous intensity of one candle in all direc- 
tions would emit 4 t lumens. The total luminous flux from a source 
whose candlcpower in all directions is not uniform is computed from 
the mean spherical candlcpower by multiplying by Itt, for if the source 



A — Opening OP has an area of 1 scpiarc foot and emits 1 lumen. 
B — One lumen falls on surface OPQP. 


is considered at the center of a sphen' of unit nidi us, the total surface 
of the sphere will intercept all the flux and this total area is 47r. This 
was formerly the common method of getting tht) total flux, but the 
introduction of the integrating sphere has made fcasibkj the use of 
standards rated in lumens. 

It may be well to emphasize the importance of candlcpower and its 
relation to luminous flux. Until the introduction of the present high- 
powered, gas-filled tungsten incandescent lam])s, practically all photo- 
metric measurc^ments of lamps involved a determination cjf luminous 
intensity in candles. City specifi(\‘itions for gas street lighting called 
for gas of a certain (‘andlepowcT. Incandescent lamps purchased on 
specifications were required to have a certain mean horizontal candle- 
power. In the calibration of standards and instruments, the candle- 
power was and still is the priiuapal factor and the quantity most fre- 
quently measured in experimental work. The total flux in lumens of a 
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standard incandescent lamp is determined by obtaining the mean 
spherical candlepower, either directly or through measuring the mean 
horizontal, or the mean zonular candlepower, and multiplying this 
mean spherical candlepower by 47r. The growing popularity of the 
flux rating for incandescent lamps is pushing the general use of the 
idea of candlepower .more and more into the realm of experiment and 
science. 

Candlepower is then always associated with a source, whether self- 
luminous or otherwise, and gives information regarding the luminous 
flux at its origin. 


Illumination 


After the flux has left the source, it may be used directly to attract 
attention as in the case of signal lights or some sign lighting; but in the 
great majority of cases, it is i)roduccd in order that it may be made to 
impinge on a surface, to produce what is called illumination^ and the 
measurement of illumination comprises the major part of the photo- 
metric work to be done by the illuminating engiiu^^r. 

Definition. — Illumination is connected with the flux received or 
intercepted by a surface, and unless designated as uniform, or as average, 
it refers to the incident flux at a particular point on the surface. Illu- 
mination at a given point of a surface is the luminous flux density on 
the surface at the point, or the incident flux per unit of intercepting 


area. The sjmibol used is E and the e(| nation is E 


dF 

dS^ 


where the 


illumination is not uniform. If the dimensons of the sour(;e of the flux 
are small relative to the distance (considered and if r is the distancce from 
the source to the surface and the latter is normal to the flux direction, 

dF = I dco and dS = r^ du); E = If the nc^rmal to the surface makes 


an angle 0 with the direction of the flux, or, in other words, if the flux is 
incident at an angle 0, E = - . Note that, if the illumination is not 


uniform, it is not i)ropcr to speak of the illumination on a surface with- 
out either having it understood that the average illumination is referred 
to, or specifying the loccation of an infinitesimal area which has the 
stated illumination. It should be emphasized that illumination is 
always flux per unit area, not candles per unit area. 

Lux and Foot-candle. — The International Commission on Illumina- 
tion defined the lux as the practical unit of illumination and equal 
to 1 lumen per square meter, but the earliest unit and the one still most 
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widely used is the foot-candle. One foot-candle is the illumination, 
produced at a point on a surface, which at the point is normal to the 
direction in which a source, located at a distance of one foot, has an 
intensity of one candle. One foot-candle is 1 lumen per square foot. 
Using the centimeter as the unit of length, the unit of illumination is 
1 lumen per square centimeter, called a phot. An effort is being made 
to give illumination values in lux or milliphots, but up to the present 
time it will be found that i)ractically all values given in the technical 
literature are in foot-candles. 

Various Units. — The various units of illumination may at first seem 
confusing, but if it is remembered that, within certain limits to be 
discussed later, illumination may be deprived from the value of the 
candlepower by dividing by the square of the distance between the 

source and the surface, i.e., ^ then it will not be difficult to dis- 

tinguisli the units and j)ass from one to another. If the distance is 
measured in feet, the illumination will be given in foot-candles; if in 
meters, in lux or m(^t(T-(;andles; if in centimeters, in phots. 1 foot- 
candle = 1.076 milliphots. (1 sq. m. = 10.76 sq. ft.) To put it 
another way, a lamp whic^h has a luminous intensity of one candle in 
a direction normal to a surfac^e will produce, if the surfa(‘o is one foot 
distant, an illumination of one foot-candl('; if the surface is one meter 
distant, an illumination of one lux; if the surface is one (H^ntimeter 
distant, an illumination of one phot. It sliould be self-evident that 
the phot represents an illumination many times as great as the foot- 
candle. If it is desired to use for illumination the expression flux per 
unit arca,’^ then to avoid (confusion the word incident ” should be put 
before the word flux.^^ If ‘ this is done, there will be no danger of 
having it mistaken for the expression “ flux per unit area ’’ when this 
expression means “ brightness.” In the latter case, it should be written 
“ emitted flux per unit area.” 

Determination of Flux. — In order to determine values of flux from 
candlepower and illumination, it should be remembered that either the 
distribution or the average value of each must b(' known, for the former 
in the solid angle and for the latter over the given surface. Thus, to 
determine the flux (joining out in a certain solid angle from a flood- 
lighting unit, the size of the angle and the average candlepower must 
be known; or, considering as useful flux tliat which reaches the side of 
a building to be lighted, its magnitude may be computed if the average 
illumination and the area of the building surface are determined. 

Water Analogy. — Another water analogy compares the flux to the 
capacity of a pond and the candlepower in a single direction to the depth 
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of water below one point in the surface of the pond. Measurement of 
this depth would not tell much about the capacity of the pond. The 
average of a scries of measurements at points along a medial line would 
give more of an idea and would be analogous to the measurement of the 
mean horizontal candlepowcr. But the capacity of the pond would be 
quite accurately determined by measuring the depth at a large number 
of points taking the average and multiplying by the area. In a similar 
way, the flux may be determined, as previously stated, by finding the 
average candleix)wcr in all directions (the mean spherical candlepower) 
and multiplying by 47r (the area of a unit sphere). 

Photometric Laws 

Inverse Square Law. — The inverse square law states that if a surface 
is intercepting normally luminous flux emanating from a point, the 
illumination at any point of the surface will vary inversely as the square 
of the <listancc between the two points. This law may be illustrated 
as follows: Assume tlic source to be the center of a series of concentric 
hollow spluires of radius 1, 2, 3, 4, ct(^, and consider the flux from the 
source contained in a given solid angle w. The bounding surfac^e of this 
solid angle cuts the various spherical surfaces enclosing areas which are 
proportional to the scpiares of the radii, 1, 2, 3, 4, etc., since by definition 
the solid angle is the quotient of the area of the intcrc'eptcd surface 
divided by the square of the radius. But the flux included in this solid 
angle remains (‘onstant, and since it is spread over areas successively 
larger in proportion to the square of the radii, the illumination or flux 
per unit area must be siK^cessively less in the same proportion. 

Limitations. — The law as stated holds rigorously only for a source 
which has infinitely small dimensions, where the intervening medium 
has negligible absorption, and the surroundings of both the source and 
the surface are j)crfect]y black. But in practice, errors due to the last 
two causes can usually be neglected, and, excei)ting such sources as 
searchlights and those involving reflectors, any source whose dimensions 
are negligibly small, compared to the distance at which it is measured, 
can be treated as if its flux were coming from a point. Consider for 
instance an incandescemt lanij) filament and a point A in that filament. 
A flux of liglit is coming from that point in every direction. If there is 
placed at B, a distance which is considerable with respect to the height 
of the filament, a photometer screen, it will subtend at A a small solid 

dF 

angle, dw, and the flux, dF, in that angle divided by the angle, or > 

do) 

will be the luminous intensity in the direction AB due to this point. 
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But every other point on the filament is also sending flux to B and the 
sum of all the intensities is the candlepower of the filament in that 
direction, and it is found in measuring it that the same value for the 
candlepower is obtained as would be obtained if all the flux were coming 
from a single point located at the correct distance from so that while 
the actual candlepower of all sources is due to a great many points, it can 
be shown by computation and has been found by experiment that for all 
sources except those of a certain type, if the measurement is made at a 
sufficient distance, the candlepower can be determined as if in the given 
direction all the light from the source were concentrated at a point. 

Errors. — Since all known light sources have finite dimensions and 
since this law is involved in the great majority of photometric measure- 
ments, it is important to know what errors are introduced when it is 
used. It can be shown mathematically that if the light source is in the 



Fio. 56. Illustrating Lanil)ert’s Cosine Law of Incidence. 


form of a straight line or (\ylind(T, the distance error introduced in com- 
puting the illumination by using the inverse square law will be negligible 
if the distance of the photometer S(Teen from the source is more than 
ten times the length of the line or cylinder. In the case of a flat, circular 
disk, the distance should be more than twenty times the diameter if the 
error is to be less than 0.2 f)er cent. 

Cosine Law — Incidence. — Lambert studied the illumination re- 
ceived by a surface due to flux incident at vari oil's angles and enunciated 
the law that the illumination on a surface varies directly as the cosine 
of the angle between the incident ray and the normal to the surface. 
Thus, if light is passing tlirough a screen* AB, Fig. 56, and strikes a 
surface^ CD, normal to the direction AC, CD will have a certain average 
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illumination measured by the flux divided by the area. If now the 
surface CD be rotated about D as an axis through an angle 6, then the 

CD 

area C'D, intercepted by the flux, will be larger, or equal to 

^ cos 0 

Hence, the flux is spread over a larger area, and, therefore, the illumina- 


tion or flux per unit area is less, or E = 


cos d 


which is equal to 


F cos d 
CD ‘ 


This is ordinarily called Lambert^s cosine law of incidence. 


Emission. — Lambert also studied the light flux from a diffusing 
surface and stated the law that the intensity of the light emanating in 
a given direction from a perfectly diffusing surface is proportional to 
the cosine of the angle of emission measured between the normal to 
the surface and the emitted ray. This is known as Lambert^s cosine 
law of emission. The only source at present known which obeys this 
law rigorously is the theoretical radiator, the black body. 

Talbot’s Law. — Another law, used more particularly in the photo- 
metric measurements of candlepower, is known as Talbotts law. If a 
beam of light is intercei)ied by a rapidly rotating disk from which 
sectors have been cut, the apj)earance of a surface illuminated by the 
beam will be the same as it would be if illuminated by a beam whose 
intensity was the same fractional part of the original beam as the 
angular opening in the disk is of 360 degrees. Thus, if the disk has a 
series of sector openings whose sum is 90 degrees, it will cut down the 
intensity of the beam to one-fourth. This law depends on what is 
known as the persistence of vision of the eye, a j)hcnomenon which 
has made possible the use of moving pictures. 

Fechner’s Law. — Finally, under the heading of laws might be 
mentioned Fcchncr's law which, when reduced to its simplest form, 
states that differences in sensation vary as the logarithm of the ratio 
of the stimuli producing the different sensations. If the strength of 
a sensation were directly proportional to the excitation, a light, A, 
which is twice as strong as another light, D, would i)roduce a sensation, 
A = 2By and the mind would in general be able to form fairly accurate 
judgments of the relative intensities of lights. But, as a matter of 
fact, the relation between the sensation produced by A and that pro- 
duced by D is a logarithmic one. 


Brightness 

The fourth fundamental concept used in photometry is brightness. 
When light strikes a surface, parj^ of it is reflected, part absorbed, part 
transmitted. It is by reason of light emitted, transmitted, or reflected 
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that an object appears bright, and difference in brightness or contrast 
is one of the most important effects used by the eye to distinguish and 
identify objects. Thus, in reading ordinary print, it is the difference 
in brightness of the paper blackened by the ink and the adjoining 
white untouched portions that enables the letters to be identified. In 
walking, differences in brightness are frequently 51 cause of protection 
from stumbling. In analyzing the lighting conditions in a room, 
brightness measurements are important because it is differences in 
brightness whi(;h the eye perceives, although they are in general pro- 
duced by differences in illumination. Again, the photometers most 
commonly used in practice have as their basic principle the ability of 
the eye to distinguish small differences in the brightness of contiguous 
surfaces. 

Definition. — In the 1922 Report of the I. E. S. Committee, bright- 
ness is defined as “ the luminous intensity per unit of projected area.'’ 

The great difference in magnitude between the brightness of self- 
luminous sources and those luminous by reason of reflected or trans- 
mitted light is taken care of in the definitions of the units as given in 
the following paragraphs. 

Candle per Square Centimeter. — The e.g.s. unit of brightness is 
one candle per square centimeter of projected area. In the English 
system, the unit is one candle per scpiare inch. 

A surface of unit brightness emits one lumen i)cr steradian per unit 
of projected area. 

Lambert. — The lambert is a i)ractical unit of brightness. It is 
e(iual to a brightness of I/tt candles per square centimeter of projected 
area. It is the average brightness of a surfinre emitting or reflecting 
one lumen per square centimeter, or the uniform brightness of a per- 
fectly diffusing surface emitting or reflecting one lumen per square 
centimeter. 

For most purposes, the millilambert, 0.001 lambert, is the preferable 
practical unit. 

The equation for brightness is 

die 

ds cos 0 

where he is the brightness in the direction 0 degrees from the normal 
to the area da and die is the candlepowcr in that direction. 

The great majority of surfaces arc bright by reason of light reflected; 
and for such cases, i.c., walls, ceilings, and other surfa(;es seen by re- 
flected light, brightness is expressed in terms of the flux proceeding 
from a unit area of the surface, on the assumption that the surface is a 
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perfect diffuser, i.e., obeys the cosine law of emission or reflection. 
If the surface does not obey this law, its brightness is said to be the same 
as that which a perfectly diffusing surface would have if reflecting the 
same number of lumens per square centimeter. In this case, the for- 
mula for computing the brightness is 6^ = ^ = p dE, where F is the 

emitted flux, p is the reflection coefficient, and perfect diffusion is as- 
sumed. The result will be expressed in larnberts if E is given in phots. 
Thus the brightness of the walls in a suburban residence under daylight 
has been stated to vary from 0.038 millilarnberts to 43 rnillilamberts, 
and a white wall illuminated to 3 foot-candles might have a brightness 
of 2 millilarnberts, the exact value depending upon the reflection factor. 
The millilambert is a convenient unit because of its close approxima- 
tion to the brightness of a i)erfe(;tly diffusing surface having a reflection 
factor of unity and illuminated to an intensity of one foot-candle. 

Lamberts from Candles per Square Centimeter. — The factor tt 
must be introdiu^ed into the computations if an instrument calibrated 
in candles per square centimeter is to be used for measuring brightness 

in larnberts. This may 
be shown by (jonsider- 
ing one side of an in- 
finitesimal surf ace, 

obeying Lambert^s 
cosine law of emission, 
and having a bright- 
ness of h candles per 
square c.eiitimeter. Its 
brightness in larnberts 
will be the total flux 
emitted from that side 
divided by the area. 
To determine the total flux consider the element dS as at the 
center of a hemisphere ABC of radius r (see Fig. 57). Let dS' be an 
element on the inner surface* of the sphere, the normal to dS' making 
an angle 6 with tlie normal to dS.- The candlepower le of dS in the 

le 

direction of dS' will be hj. dS (;os 6, since by definition bj„ = . 

^ ^ dS cos 6 


B 



Fig. 57. Computation of Laintx^rts from Candles 
per Square Centimeter. 


Hence, the illumination at dS' will be 


b dS cos 6 


since b is the same in all 


directions for a perfectly diffusing surface. If dS' be rotated about 
B dS as an axis, a zone will be generated whose area is 2 irrh where h 
is taken as the altitude of the zone. But h = dS' sin ^ = sin 0 r dJd, 
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Hence, the area of the zone is 2 irr* sin B dS, The flux intercepting 
this zone will be the product of the area and the illumination or 


dF 


2 Trr^ sin 6 dOhdS cos B 


2 wh dS sin 6 cos 0 dd • 


The total flux will then be 2 irh dS sin $ cos Odd = 2 Tb dS 

= nh dS. The flux brightness will then be by definition — or irb. 

do 

If the brightness of a perfectly diffusing surface has been measured in 
candles per square centimeter, its brightness in lamberts will be tt 
times the value in (candles per square centimeter. 

Illustrations. — l^'o illustrate brightness, consider a piece of white 
blotting paper, whose rcflec^tion factor is 0.8, illuminated by a light 
source which has a candlepower of 10 in the direction normal to the 
paper. It is known that a good grade of such paper obeys Lambert’s 
cosine law of emission in all directions within an angle of 45 degrees 
to the normal to within a negligible error. If the lamp is at a distance 
of 100 cm., the illumination at the paper will be 0.001 phots, or 1 milli- 
phol. Assuming this to be uniform over an area of 1 sq. cm., the 
incident flux would be one millilumen. Of this, 0.8 is reflected and 
the brightiu'ss would then be 0.8 millilambert. But the incident flux 
was assumed to lx* in one direction, and on striking the surface would 
scatter so that the emitted flux in any one direction would be very 
much less. If a small ai-ca of the paper were blocked off and the candle- 
power measured in th(^ direction referred to, it would be found that 
the t^andlepower divided by the })rojected area would not be 0.0008 c. 

, , 0.0008 

per scj. cm. but c. i)er scj. cm. 

TT 

Diffusion. — In thinking of brightness and expressing it in terms of 
lamberts, it should be emphasized that since no surfaces encountered 
in practice obey Lambert’s cosine law, their brightness if given in lam- 
berts means that they have the appearance which a perfectly diffusing 
surface would have if made to have the same brightness in lamberts. 
While it is true that a perfectly diffusing surfa(;e appears equally bright 
at all angles of view, since such surfaces arc not found in practice, the 
angle of observation should always be stated when expressing the 
brightness of either a reflecting surface or a self-luminous source. 

Distance. — It should be further noted that brightness, like candle- 
power, is independent of the distance between the object and the 
observer to within the ordinarily negligible error due to absorption by 
the intervening atmosphere. If one recedes from a street lamp, for 
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instance, it looks equally bright as long as it is visible. The reason lies 
in the fact that while the light flux entering the eye diminishes in pro- 
portion to the square of the distance, the solid angle subtended by the 
lamp, and hence the image of the latter, diminishes in the same ratio 
and the brightness of the image remains constant. Again, just as the 
specific gravity of a substance does not depend on any specific amount of 
it, so brightness does not depend upon the extent of the bright surface. 
The filament in a 40-watt tungsten lamp is much longer and bigger than 
the filament in a 10-watt lamp, yet both may have the same brightness. 
The area in the one case is very much greater than in the other, but the 
candlepower is greater by exactly the same amount and hence the ratio 
is the same. In the case of surfaces which reflect specularly, such as 
polished metals, glass and mirrors, the departure from Lambert^s cosine 
law of emisson is so great that the usual ideas of brightness do not apply. 
In such cases, what is ordinarily of interest is not the brightness of the 
surface, but that of the virtual or real images seen by reflection from the 
surface. The brightness of the images will obviously depend upon the 
character of the reflecting surface. 

Curves 

In addition to the general quantities already defined, a number of 
others referred to in the Report of the I. E. S. Committee should be 
mentioned. Thus, in testing the quality of the output of lamp manu- 
facturers, both in the case of gas mantles, arc and incandescent lamps, 
photometric work is carried on and data obtained from which arc plotted 
certain curves. A pxirformance curve is a curve showing the behavior 
of a lamp in regard to its candlepower, watt consumption, or other 
characteristics at different periods during its life. A characteristic 
curve is a plot showing the relation between two variable properties of 
a source; for example, how the candlepower of a gas mantle varies with 
the gas pressure. This should not be confused with the distribution 
curve as used in illumination data. 

A distribution curve is a plot of the candlepower measured at various 
angles, generally in one plane, horizontal or vertical. Certain conven- 
tions have been recommended by the Illuminating Engineering Society 
in this connection. Thus, the vertical distribution curve is defined as 
a polar curve representing the luminous intensity of a lamp or lighting 
unit in a plane passing through the axis of the unit and having the unit 
at the origin. Unless otherwise specified, a vertical distribution curve 
is assumed. 

Reduction Factor. — The spherical reduction factor of a lamp is 
defined as the ratio of the mean spherical candlepower to the mean 
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horizontal. For a source whose luminous intensity is uniform in all 
directions, this factor would be unity. For a straight cylindrical fila- 
ment obeying Lambert^s cosine law, it is 7r/4. 

Photometric Axis. — The photometric axis is an imaginary line 
parallel to the direction of motion of the photometer carriage and gener- 
ally perpendicular to and passing through the center of the photometric 
disk, if that is of the flat type. 


Standards 

Unit and Standard. — It may be well to emphasize the difference 
between a unit and a standard. The former is a quantity in terms of 
which the latter is evaluated. A unit is essentially an idea or concept. 
A standard is a material object by means of which the idea or unit is 
utilized. The watt is a unit of electric power. But there is no piece of 
apparatus called a “ standard watt as there is a standard cell for 
voltage and a standard ohm for resistance. For eacdi of the three 
quantities there is a unit, but only for the latter two, individual stand- 
ards to evaluate it. In the case of light there are several standards in 
use. 

Standards may be divided into three classes: primary, representa- 
tive or secondary and working. 

Primary Standard. — A primary standard is one that (?an be repro- 
duced from specifications. If all the existing standards were destroyed, 
the unit could be re-established if a primary standard were known. 
This, with the exception of the color, is its only absolutely necessary 
qualification. It must have a constant value for a period only long 
enough to make a measurement. It need not be simple and it may be 
expensive to make and cxi)ensive and difficult to operate, for, as in 
the case of the standard ohm, its production, niaintcnance and opera- 
tion may be confined to national standardizing laboratories and it may 
be used only at rare intervals. The Violle platinum standard is an 
illustration of an effort to produce a satisfactory primary standard. 

Representative Standard. — A representative or seciondary standard 
is one that has for its priiuapal re(iuiremcnt constancy for a considerable 
period after calibration. It need not necessarily be reproducible from 
specifications, but it should be portable, simple and inexpensive. The 
incandescent lamp may be cited as an illustration. 

Working Standard. — A working standard has for its essential 
characteristic adaptability for the work in hand. It should be constant 
enough not to require too frequent calibration, inexpensive and easily 
procured. An incandescent lamp will serve in incandescent lamp 
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photometry, but some kind of flame standard should be used in the 
photometry of gas. 

Color. — There is one quality which all standards must possess in 
common and that is a suitable color. This point has become particu- 
larly prominent within the last few years, owing to the difficulty of 
obtaining, from existing secondary standards, working standards which 
would match in color the new illuminants such as the gas-filled tungsten 
lamp. 

Primary Standards. — That there are today four primary standards 
in actual use is sufficient evidence that no one of them has been found 
sufficiently superior to the others to warrant its general adoption. A 
primary standard is good if it is reproducible and bad if it is not. Its 
fitness as a primary standard depends on the accuracy with which it 
can be reproduced. 

Flame Standards. — A flame is the seat of chemical reactions, deli- 
cately balanced and subject to sudden and marked variations, and is 
also the focus of streams of cooling and diluting gases from the surround- 
ing air. 

Pressure. — The effect of increasing the pressure in the atmosphere 
about a non-luminous flame is to make it luminous. Decreasing the 
pressure around a luiiiirious flame tends to rnakci it non-luminous. 
Therefore, if a candle is carried up to the top of a mountfiin, it will tend 
to burn with a flame like that of an alcohol lamj). The effect of non- 
combustible constituents of the atmosphere, smdi as water vapor and 
carbon dioxide, is in general to lower the luminosity of flames. 

Flame Height. — There is a critical flame height which may be taken 
as normal for a given illuminant. A flame increasing toward the normal 
height grows hotter, and the decomi)Ositioii of the combustible is more 
active. When the normal height is cxc^eedcd, the incomplete supjdy of 
oxygen produces rapid lengthening of the flame. For practically all 
flames, the illuminating power varies j)roportionally with the flame 
height for limits of at least 5 per cent on either side of the normal height. 
The effect of pressure is probably also due to the ease with which 
atmospheric oxygen can penetrate the flame. 

Candle 

The first primary standard was a candle. Its use in this connection 
has become insignificant. But for situations where electricity is not 
available and other standards are inconvenient by reason of their bulk, 
the candle is used. Its adyantages are its simplicity, cheapness and 
convenience. Its objectionable .features are its lac^k of uniformity, its 
unsteadiness and variations in candlepower due to wick conditions. 
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Carcel 

The Carcel lamp was employed as a primary standard for many 
years in France. This lamj) burns colza, or rape-seed oil, which is fed 
to the wick by a small pump operated by clockwork. The difficulty of 
defining and obtaining a definite purity in the ‘ composition of this 
combustible, combined with other objections, has relegated the Carcel 
lamp to the position of a secondary standard and its use is very much 
restricted. 


The Hefner 

The primary standard invented in 1884 by ITcrr von Hefncr-Alteneck 
and known as the Hefner lamp (Fig. 58) is the officially adopted stand- 
ard in Germany, and the intensity of a carefully specified lamp is taken 
as the unit of light in that country despite all efforts to disjJace it with 
the inlernational unit. This lamp has been the subject of numerous 
tests, and it is generally 
accepted that the value 
of the light intensity 
can be relied upon 
under specified stand- 
ard working conditions 
to plus or minus 2 per 
cent. 

Combustible. — The 

lamp burns amyl ace- 
tate, or banana oil, 
which can be defined 
and obtained in a state 
of sufficient purity to 
meet the requirement of uniformity in the composition of the com- 
bustible. 

Lamp Parts. — The essential i)arts of the lamp are the reservoir, the 
wick-movement mechanism, the wick, the wick tube, and the flame- 
height measurer. The material used is brass, with the exceiffion of 
the wick tube whi(*h is made of German silver in order to save it from 
the corroding effect of the amyl acetate. For "a similar reason, the 
interior {surface of the resciwoir has to be heavily plated. 

The material of which the wick is made can be any tiling suitable as 
long as it does not fill the tube too tightly or catch in the teeth of the 
notched wheels used to raise it. The wick is merely a conductor, in 
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this case, to bring the fuel up to the hot part of the tube. In operation, 
the top of the wick is from 1 to 3 millimeters below the top of the tube. 

Specifications. — The specifications prescribed by the German Physi- 
kalische Tcchnischc Reichsanstalt cover the dimensions of all the parts 
and the tests for purity of the amyl acetate. As the lamp is not used 
as a primary standfud in this country, these details will not be given 
here. It is sufficient, perhaps, to say that the prescribed height of the 
flame, to give an intensity of one hefner candle, is 40 mrn., and a differ- 
ence of 1 mm. in flame height means from 2.5 to 3 per cent difference in 
candlepower. Corrections for atmosplicric pressure and humidity have 
to be made when accurate work is to be done, the latest formula re- 
ported being as follows: 

Corrections. — Candlepower (/) = 1 0.0055 (z — 8.8) — 0.0072 

(x' — 0.75) + 0.00015 (6 — 700), where I = hefner candles; x = 
humidity expressed in liters of water vapor per cn. m. of dry air free 
from (X) 2 ; x' = liters of C ()2 per cu. m. of dry air; and h = the baro- 
metric pressure in mni. of mercury. In well-ventilated rooms, the 
CO 2 correcjtioii is generally negligible, but the humidity and pressure 
must be measured and allowed for in all ac(;urate work. 1 hefner = 
0.9 international candle. 

Advantages. — The advantages of the hefner lamp lie in its repro- 
ducibility, simplicity of constriudion and operation, case of manipula- 
tion, portability, durability, and, with proper fuel and handling, agree- 
ment of one lamp with another. 

Objections. — its principal defects are its color, which is more 
reddish than that of the sperm candle, and the difficulty of setting the 
flame height exactly right. These two defects are fundamental in any 
consideration of the hefner lamp as either a j)rimary or a working 
standard. A third objection is the low candle])ower. 

International Candle. — The Bureau of Standards has experimented 
with the hefner with a view to seeing whether it can be improved and 
continue to serve as a primary standard. They have found that if the 
flame height is made 45 mm. instead of 40 min., the lamp will give one 
international candle. They have .also decided that the specifications 
are not rigid enough with respect to the wirh-tubc, fuel, etc. But it 
would seem that the color is an insurmountable obstacle. 

The Pentane Lamp 

The pentane lamp seems to offer more promise, although it is ques- 
tionable whether any kind* of flame standard will ever prove desirable 
as a permanent primary standard, since there are so many variables to 
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be looked out for. However, until a better standard presents itself, the 
pentane lamp is to be preferred to the hefiier. 

A 1-candle pentane lamp was devised by A. G. Vernon Harcourt in 
1877, in which a mixture of air and the vapor of pentane was consumed 
at a given rate. Later a lamp was devised in which licpiid pentane was 
burned with a wick, but in 1898 the modern form,, a return to the first 
idea, in a 10-candle size, was brouglit out. 

Combustible and Mechanism. — The fuel used is pentane, Cr,Hi 2 . 
No wick is used, and the liquid is contained in an elevated reservoir or 
saturator. Air enters the inlet and mixes with the vapor of ])entane 
as it passes over the liquid, and the mixture flows l)y gravity down the 
supply pipe to the burnt'r. The latter is of the Argand type, made of 
steatite, and has thirty lioles drilled in it. Air, heated by passing 
through the annular space between th(^ inner and outer (chimney, flows 
down through tlie hollow standard and into the central chamber below 
the burner. Thus llie (lame resulting from the combustion of the 
j)entanc is fed internally with preheated air coming up through the 
center of the burner, and ('xternally with the colder outside air. The 
flame passes up inlo an inside chimney in wliich there is a mica window 
through which 1h(^ fi]) of the flame* is seen. The height of the flame is 
regulated by controlling the rate at which the fuel is siq^plied. The 
latter is regulat(Hl by a stop-cock. The i)art of the flame used is that 
between the toj) of the burner and the chimney. A cylindrical block 
of wood serves as a gage to st‘t the chimney at the given distance from 
the burner. "I'liis distance should be 47 mm., and when the flame is 
right the candle] )Ovvcr is a niaxinium. 

Flame Height. — The intensity d(*peuds, as with the hefner, upon 
the dimensions of the lain]), the composition of the///f7, the atmosphere 
in which it is burnc'd, and the ninni pulation of the lain]3, especially as 
regards flame height and the screening of the flame. This lamp differs 
from the liefner, liowever, in that a change of 1 mm. in flame height 
alters the intensity by only alxait 0.4 ])er cent instead of 2 or 3 per cent. 
This mak(vs it jHjssible to screen the flame and utilize only its c(‘ntral 
zone. The intensity is, of course, a function of the size of the flame 
itself and this is affected by tJie dimension of tlu^ buriuT. 

Corrections. — The effect of humidity and barometric pressure is 
similar to that in the lu'fner. h]a,rly values of tlu*. humidity factor gave 
it as higher than for the hefner, but work at the 'Bureau of Standards 
indicates that tlie factor is about the same. The eciuation, neglecting 
the effects of ('Oa, is 


/ = /n (1 - 0.0052 (x - 8)’+ 0.0006 {h - 760)) 
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where is the normal candlepower, whose value is in the neighborhood 
of 10, and x and b have the same meaning as before. 

Advantages. — The advantages of the pentane lamp as compared 
with the hefricr lie in its better color, its higher candlepower, its steadier 
flame, the small effect of height changes, and its greater present repro- 
ducibility. 

Objections. — Its disadvantages lie in its bulkiness, complicated 
construction, and lack of portability, its higher first cost and cost of 
operation, and the fact that it requires a larger photometer room and 
better ventilation. 

Improvements. — As a result of extended investigations, the Bureau 
of Standards recommends various modifications in the specifications 
and design of the lamp, if it is to be used as a primary standard. The 
idea is to control the fuel and air supply more comi)lct,ely, using electric 
heating to vaporize the pentane and set up the draft in the burner. 
Work has been done on the development of a lamp embodying this idea 
and it is hoped that one will be perfected which will afford a valuable 
check on the unit of light as at present maintained by incandescent lamps. 

Center of Radiation. — Before leaving the i)entane lamp, reference 
should be made to the point in the flame from which the distance to the 
photometer screen is measured. Theoretical considerations indicate 
that this point lies midway between the axis and the outer tube, but 
it has been the practice in all laboratories to measure distances to the 
flame axis, and thus uniformity of intensity is obtained. In using the 
lamp, from fifteen to thirty minutes are allowed to elapse after lighting 
before measurements are begun. 

The two standards just described are the nearest approach to a 
primary standard generally accepted at the present time. But neither 
of them can as yet be reproduced from specifications with the accuracy 
with which the unit can be maintained by means of incandescent lamps. 
Furthermore, since in each case the light is the result of the specified 
fuel burning in a specified lamp surrounded by a specified atmosphere, 
the standard is not merely the lamp but the combination of lamp, fuel, 
and atmosphere, and the last two elements are constantly changing. 
These changes affec.t the light as a flame standard and make the errors 
of measurement many times greater than those made on carbon fila- 
ment lamps. 


Violle Platinum Standard 

Turning from flames to electric sources as primary standards, as 
early as 1881, Violle proposed that the unit of light be that emitted 
normally by one square centimeter of the surface of molten platinum 
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at the temperature of solidification. Some essential conditions for the 
reproduction of this standard are as follows: the platinum must be 
chemically pure; the mass must be not less than 500 grams; the cru- 
cible must be made of pure lime. 

Mechanism. — The platinum is melted by an oxy-hydrogen blow- 
pipe and the surface is viewed in a mirror placed, above it and at an 
angle of 45° to the normal to the surface. The difficulties of manipula- 
tion have been found so great that this can hardly be considered a 
satisfactory standard. The value assigned to this standard has been 
2 carcels or approximately 20 candles. A modification of the Violle 
standard was suggested by Lummer and Kurlbaum, and another 
modification by Polavcl. 

Arc Lamp 

Another suggestion for a primary standard was made by Swinburne 
and S. P. Thompson, who recommended that portion of the light from 
the crater of a direct-current carbon arc lamp wliich would pass through 
a hole of one square millimeter in an opaque screen. A careful inves- 
tigation, however, showed that the surface of the crater is constantly 
changing in brightness. Forrest and, more recently, Allen have made 
experiments indicating a constant ratio between candlepower and 
current in a Y type of arc using one positive and two negative 6 mm. 
solid carbons. The factor 232 multiplied by the current value in am- 
peres gave the candlepower to within one per cent. 

Incandescent Lamp 

Incandescent filament lamps, both of carbon and other materials, have 
been proposed as primary standards. But no one has as yet constructed 
suitable examples from specifications and it is only recently that speci- 
fications have been given for a tungsten primary standard. The manu- 
facture of vacuum tungsten lamps has become so standardized within 
the last year or two that the possibility that a tungsten lamp may meet 
all the requirements of a primary standard is by no means remote. 

Helium 

In connection with electric primary standards, reference should be 
made to a standard proposed by Nutting, consisting of a discharge 
tube filled with helium gas. The pinkish color, low intensity, and lack 
of reproducibility were its chief defects. 

Black Body 

Reference should also be made to the suggestion made by a number 
of investigators that the light from a black'body be used as a means 
of maintaining the unit. Using a properly constructed hollow sphere 
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or long, cylindrical tube, the candlepower of a definite area, with the 
radiator at a definite temperature, has been determined experimentally 
by a number of investigators and found to agree quite closely with 
theoretical values obtained by computation. 

Radiation 

An entirely different viewpoint has been presented by Houston, F^'ry, 
Ives and others, who f)roposc as a primary standard a definite quantity 
of radiation from a source, such radiation to l)C evaluated acicording 
to its capacity to produce the sensation of light by being passed through 
a proper kind of filter. 

Reference and Working Standards 

There are no reference standards for gas. hbr a working standard 
in gas photoiiK^try, a calibrated pentane lamp is ])robably the most 
reliable of flame standards. In defining a working 
standard, it was mentioned that flame standards 
should be usetl in the measurements of flames. 
Pentane and other flame standards are therefore used 
in gaslight [fliotomctry, and experience has shown 
that atmospheric conditions affect the* standard and 
the source to ])e tested very closely, if not exactly 
alike. The use of flame standards obvintes the neces- 
sity of separate determinations of the humidity and 
barometric correction factors for ('ach sources. 

Kerosene Lamp. — Numerous attempts have been 
made to utilize kerosene in a standard lamp. At 
[)rescnt there is in use, as a working standard for gas, 
a lamp which was brought out in 190G by A. H. Elliott 
and seems to be very satisfactory. It is of the student- 
lamp form, and uses a flat cotton wick and a glass 
chimney. A metal screen limits tlu' area of th(^ flame 
used. The lamp gives approximately 5 candlepower 
and, as tested at the Bureau of Standards, maintained 
its value constant throughout the day to within 1 fx^r 
cent. Its advantages lie in its steadiness, cheapness. 
Fig. 59. Vertical simplicity of operation, and in the facd. that it is very 
Section through affected by drafts. Another working standard 

Standard Acet- ^ testing is the Etlgerton standard, wliich 

uses coal .or water gas as a fuel. It consists oi an 
Argand burner surmounted by a glass chimney around which is a 
blackened metal sleeve. This sleeve has a slot in the front through 
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which passes the light to be used, while in the back it is cut away to 
avoid reflections. It is similar in idea to the Methven screen, but 
differs in some parti(;ulars. 

Acetylene. — While acetylene has not yet been found satisfactory for 
use as a primary standard, an acetylene lamp has been used to advantage 
in cases where it is im^onvenient or too expensive to employ incandescent 
lamps. A Bray air-mixing type of burner tip, A (Fig. 59), is used and 
mounted inside a cylindrical hood, B, with a rectangular opening, C, 
in one side. From this opening, metal leaves extend inward to within 
about 2 mm. of the flame. The edges of these leaves form an aperture 
through whi(!h a sliort section of the flame is viewed. The color of 
the light is very close to that of an ordinary vacuum tungsten lamp. 

Incandescent Lamps 

Reference Standards. - Proj)crly constructed and seasoned incan- 
descent lamps are the most constant and reliable reference or secondary 
standards at present available and, for testing incandescent or arc 
lamps, are also the best working standards. Changes go on in these 
lanij)S while they are burning, but such changes are so slow in develop- 
ing that a good lamj) (%an be l)urned quite a few hours without changing 
its candlepower appreciably. The lamps at the Bureau of Standards, 
used to maintain the unit, are carbon filament lamps running at 
approximately 4 watts per candle. Their value in candles is given 
when they are burning at dcifinite wattages. In ordinary use, however, 
the lamps are rated as having a certain candlepower at a stated 
voltage. 

Voltage Control. — For accurate work, the voltage must be controlled 
to within 0.(31 |)er cent for carbon lamps and 0.02 per cent for tungsten 
lamps. Experiments at- the Bureau of Standards indicate that the 
lamps will give a constant value* for a longer j)eriod if they are burned 
at constant wattage* ratlie*r than e*onstant ve)ltage. In the use of tungs- 
ten lamps, the filament she)uld be endiea* weddeel to all supports or should 
have upper suppe)rts made in a s])ring form so that the contaeds e)f the 
filament with the* sui)ports will be constant. In practical work, a 
number of tlie lamps are^ generally used anel thea’r average taken as a 
basis e)f e*omputation. As soon as an individual lamp she)ws a value, 
relative to the mean, differing fre)m that assigned to it by me)re than a 
given ame)unt, it is discardeel. While this method makes possible the 
detection of indivielual changes, there is nothing to indicate whether or 
not the groiq) of lam})s has changed slightly as a whole. Hence, it is 
highly desirable to have a satisfactory primary standard to serve as 
a check. 
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Heterochromatic Standards. — Within recent years, heterochromatic 
photometry has raised a new question in the problem of photometric 
standards. As long as the lamps to be compared have approximately 
the same spectral composition, different photometric workers get 
comparable and consistent results. But as soon as the color element is 
injected, as in the measurement of the new gas-filled tungsten lamps 
against carbon lamp standards, then discrepancies appear. Of course, 
the gas-filled lamp can be used as a working standard, but it must be 
calibrated. 


Instruments 

When a standard has been provided, instruments and apparatus must 
be available with which to make the measurements. Of the instru- 
ments, the photometer is naturally the most important. 

Terminology. — The word photometer is sometimes used in 
reference to the apparatus as a whole, sometimes to a part which will 
be defined under the name “ photometer-head.'' There is no una- 
nimity in the terminology of the instruments and apparatus used in 
photometry. However, there is no necessity for confusion, and a little 
familiarity with the subject and a moment's reflection will make it 
possible to tell whether the apparatus as a whole, or a special part of it, 
is referred to. Where “ photometer-head " is used, what is meant is 
that part of the apparatus which contains the photometric disk or 
screen and the means by which the disk is viewed. 

Basis of Various Types of Photometer-heads. — Many kinds of 
photometer-heads have been devised. Most of them are based on the 
comparison of the brightness produced by the illumination of two 
contiguous surfaces. It would seem that almost every eff(H‘t produced 
by light has been made the basis of a photometer, but with the exception 
of the type just mentioned, these arc seldom, if ever, used. For de- 
scriptions, see the works of Palaz and Liebenthal. P"or all except 
special kinds of work, the intensity of a source is measured by comparing 
the brightness or contrast produced by the illumination of two adjacent 
surfaces, and the photometer-heads most widely used in this country 
are of the Bunsen or Lummer-Brodhun types. 

Requirements for Accurate Instrument. — The eye is able to detect 
very small differences in the brightness of two adjacent surfaces, assum- 
ing for the time being that the sources compared are of the same color. 
In the use of photometers based on this principle, it is found that the 
greatest accuracy demands that the two surfaces observed be either 
actually immediately adjacent or made to appear so by optical means 
and arranged so that the dividing line between them disappears when 
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an equality of brightness has been reached. Hence, such photometers 
are sometimes called “ disappearance ” photometers. The principle 
employed is called the equality principle and this name is a general 
one also sometimes applied to the photometers themselves. The eye, 
by observing the merging of one field into another, can determine the 
point of equality, or the disappearing of the dividing line, with consider- 
able accuracy. 

Among the other requirements for an accurate instrument may be 
mentioned the symmetry of the two halves, so that light striking one 
side of the disk will not be subject to changing influences different from 
those encountered by light striking the other side of the disk and thus 
cause a different setting when the photometer is reversed. 

Stray Light. — Another impoi^ant factor is the protection from stray 
light, so that none may appear in the field of view as seen by the eye. 
Such light may be due to defective optlcaJparts, such as cubes, prisms, 
mirrors, lenses, etc., or it may be due to poor 
construction of the enclosing box. The size of i i , 

the field of view and the construction for observa- , i ■ ^ , 

tion by one eye or by both eyes arc points upon 1^^ j | 

which there is still no unanimity of opinion. In ' 

order to keep an instrument in good condition. Si 

it should be simple in construction and the — - — I— 

optical parts should be readily accessible for j i 

cleaning. ' ' 

Ritchie. — Because of the number of sub- 
sequent modifications of the idea, mention ^ 

should be made of the Ritchie i)hotometers. ===55=^=;^ 

In one form, two mirrors throw the light from 
the two sources upon a translucent screen. It 
is difficult to make the mirrors so that their 
edges come together in a line. There has re- 
cently been described an instrument (Fig. GO) Head, 
which is a modification of this type, using only 

one mirror, made by depositing platinum on plate glass by the cathode- 
discharge method. The glass is first scratched by a steel- wheel glass 
cutter and, when it is broken, a very sharp edge results. Each piece 
can be used to make a mirror. 

Wedge Type. — Ritcdiie's wedge photometer, in which the mirrors 
and screen are replaced with two pieces of white cardboard having 
good diffusing surfaces, is open to the same objection regarding the 
dividing line. Quite a number of photomefers have been devised using 
the Ritchie idea, but very few have found any practical use; they are 


Fig. 60 . Recent Type 
of Ritchie Photometer 
Head. 
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all subject to the possibility of error due to the placing of the wedge 
in the photometric axis. If the wedge docs not present the same 
obliquity on cac*h side to the incident light, the effect of the cosine law 
is different and the error is apt to be magnified by the fact that the angle 
of the wedge is in general such that tlie cosine is varying rapidly. To 
judge from Trotter’s work, Ritchie photometers have found quite wide 
use ill England and, in certain sp(‘cial cases where a cheap instrument 
for rough and ready ” work is desired, they may prove very con- 
venient. For a discussion of the best angle to us(‘ with the mirrors 
or cardboard and the errors to be expected, reference should be made 
to Trotter’s book. 

Contrast Principle. — In addition to being able to detect small 
differences in the brightness of two contiguous surfacc^s, the eye is also 
able to determine with great [)recision when the contrast between a 
dark and lighter portion of a surface is the same as that between a dark 
and lighter jxirtion of another surface close to it. This is known as 
the contrast ” iirincijik*, and iihotomeb^rs in which it is applied are 
sometimes called (‘ontrast ” photomet(a*s. In such cas(\s, the field 
of view seen in the j)hotometer-h(*ad consists of at least four parts, 
two recHUving light from oik* sources, the other two from the other 
source, an absorbing device decreasing tlu* flux reciaved on one part in 
each instance. 

In jihotometers using the contrast principle*, the equality jirinciple 
may also be eitqiloyed, since, when the eciualily of contrast is established, 
equality of brightness is also obs(*rvT*d. If this is not so, the construc- 
tion of the jipjiaratus is faulty. 

Degree of Contrast. — TIk* degree of contrast which gives tin* most 
sensitive* arrangement depends soniewliat on tlic* illuniination of the 
fields. It should be small in all cases, and smallcir where veay bright 
fields are encountered than where weak illuminations are used. How- 
ever, it is fixed in the ordinary instrum(*nt and is usually about 8 per 
cent. 


Bunsen 

The Bunsen, or “ grease sj)ot,”' photometer in its various modified 
forms is the most widely used instrument of its kind, in this country 
at least. 

Theory. — The theory of it is as follows: Suppose a piece of white 
paper, seini-t ranslu(!(*nt, a portion of whiidi has been made more trans- 
lucent by a drop of gnjase or wax, is held bet wef*n two sources of light. 
An observer looking at one side will see one* of three conditions: cither 
the spot (Fig. 01) will appear ISrighter than the surrounding paper, or 
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it will appear dark on a white background, or it will be almost indis- 
tinguishable. If the paper is moved nearer one of the lights and the 
side observed is toward the light, the appearance of the spot will change 
so that if it was darker, it will become more so; if lighter, it will be- 
come less so; and a position will be found where it will almost, if not 
quite, disappear. This point does not in general, however, represent 
the position of equality of illumination on both sides of the sheet, for if 
the observer looks at the other side of the paper, a different position 
will be found where the sj^ot disappears. This is due to the fact that 
all the light received by the spot does not pass through, and all received 
on the rest of the paper is not diffusely reflected but some is trans- 




Fic. 01. Bunsen Photometer and Screens, 
(/iise A — Screen at Left of Balance Point. 
Case B — Screen al Bight of Balance I*oint. 
Case C — Screen at Balance I’oint. 


mitted. What tli(' obscTV^^r sees then, on looking at one side of the 
sheet, is light coming from tlie source on that side, mainly diffusely 
reflected from the ungreased portion, some light reflected from the 
greased ]K)rtion, as well as light from the source on the other side trans- 
mitted largely throiigh the greased portion but partly through the un- 
greased. Since tJu* reflecting and transmitting properties of the two 
side's are not likely to be the same, the position for equality of illumina- 
tion will depend on which side is observed. 

Equation. — The ecpiations from which the relative intensities are 
computed may be derived as follows: 

Let 1 1 and h be the intensities of the two sources; pi and U be the 
reflection and transmission coefficients of the ungreased portions; p2 
and /o of the greased; Vi and r.j be the distances to the respective sources 
when the setting has been made while observing a given side of the 
disk; Ti and be the distances when the disk has been reversed but 
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the observer looks at the given side which is now turned toward the 
other source. Then for the first position, the light coming to the eye 
from the ungreased portion will be 


Vk 






the light coming from the greased portion. 
For the second position: 


Pi 2 ' 2 “ P2 / 2 • 2 

r 2 ^1 r 2 T 


from which 


/i = 


nr'i J 

r ■ 12 - 


As ordinarily used, the Bunsen photometer-head is provided with 
two mirrors which enable the observer to see both sides of the disk 
simultaneously. In this case, the observer may see a cjontrast between 
the greased and ungreased portion and the photometer-head is adjusted 
until the contrast on the two sides appears the same. 

Sensitivity. — The sensitiveness of the disk, as well as the accuracy 
of the results obtained by its use, depends to a great extent on the 
method employed in constructing it. Three conditions must be ful- 
filled by a good disk: (1) The two sides must be alike; (2) the con- 
trast between the greased and ungreased portions must be such as to 
give the proper degree of sensitiveness for the work in hand; (3) the 
paper and the grease must exercise no selective absorption or reflection 
effect on the light. 

The above discussion assumes a partially transparent unglazed 
portion, but this transparency is not necessary to the theory; and if 
the Leeson disk (see below) is used, the part surrounding the star may 
be absolutely opaque. Under these conditions the comjiutation is 
exactly similar for the reversal of the disk. However, if contrast is 
desired, then transparency is necessary and the degree of contrast can 
be regulated. In this case, the light transmitted through the unglazed 
portion must be more than that reflected from the glazed part. 

Disk Making. — Various procedures have been recommended for 
making disks. A piece of copper, round or star-shaped, may be plunged 
into a bath of molten wax, held there until heated, and then pressed 
on the paper until the wax has completely penetrated it. The excess 
of wax should be removed* by scraping or by laying on it a piece of 
blotting paper and pressing with a hot iron. Heavy, unsized white 
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paper, such as white drawing paper, should be used. For other methods, 
reference should be made to the various books on photometry. 

Leeson Disk. — A type called the Leeson disk is made by pasting 
sheets of thin, translucent paper to each side of a piece of heavy paper 
in which a slender pointed star has been cut. The inner paper may be 
the same as that used in the grease-spot disks.- The outer paper is 
selected to give the right degree of contrast and should have an unglazed 
surface. It was formerly possible to purchase such disks, not pasted 
together. Thin starch paste should be used and great care taken to be 
sure the parts adhere without wrinkling at the points of the star. 

Rudorf Mirrors. — The use of two mirrors, by means of which the 
two sides of the disk can be observed simultaneously, is credited to 
Rudorf, and they are called Rudorf mirrors. They are generally placed 
vertically behind the disk and so that their edges do not east shadows 
on it, and should be inclined at an angle of 140 degrees to each other. 
With the disk they should be mounted in a box with the sides cut away 
to admit light from the sources to be compared and with an opening in 
the front through which to observe the disk. Modifications of the 
Rudorf arrangemcuit have been made by Von Hefner-Alteneck and 
Kruss. 

Sources of Error. — It rarely happens that a disk has the same 
properties on both sides. Hence, when using the direct method, 
measurements should be made with the screen first in one position and 
then turned through 180 degrees by a rotation of the photometer-head. 
Another source of error is that ascribed to differences in the eyes of the 
observer, so that there is a tendemy to set the photometer persistently 
in one direction. This can be avoided by working with one eye covered, 
or by the use of a method due to Kruss. 

Advantages. — Among the advantages of the Bunsen photometer- 
head, aside) from its accuracy, are its simplicity and cheapness. Another 
advantage lies in the fact that it can be used with both eyes, and in 
factory work this is considered quite a help. Its principal disadvantage 
is the difficulty of getting satisfactory disks where high accuracy is 
desired. Theoretically, there is the objection that each side of the 
screen shows light from both sources. 


Lummer and Brodhun Photometer 

The next most widely used photometer-head is known as the Lummer 
and Brodhun photometer. It is one of the most sensitive, and is con- 
sidered by many the most sensitive type of instrument. It is exten- 
sively used both for precision and for technical photometric work. 
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Cube. — The most essential part of it is what is called the Lummer 
and Brodhun '' cube.” It is really an ideal Bunsen disk and may be 
used either as an “ equality ” or contrast instrument. In the former 
case, the cube consists of two right-angle prisms with their hypotenuse 
faces platted together, the edges of the face of one having been ground 
away so that only a small circular portion of that face is left. The two 
prisms are clamped together so tightly that all air is excluded from 
between the parts in contact. Consequently, over this small circular 
area the two prisms become optically homogeneous and light will pass 
through from one to the other without diminution. The rest of the 

photometer-head (Fig. 62) consists 
of a plaster-of-Paris screen, aS, 
which recreives the flux from the 
two sources to be compared; two 
mirrors, ni and m', which reflect 
the diffused flux to the cube, C; 
a magnifying lens, L, by means of 
whi(di an image of the hypotenuse 
surface is focused on the eye of the 
observer at E. 

Action of Cube, Equality Type. — 

The action of the (aibe is as fol- 
lows: The flux received on the 
left of S is diffusely reflected and 
a part is intercepted by the mirror, 
ifiy and reflected into the cube. 
That ])ortioii of this beam striking 
the central contacjt surfac^e passes 
through and into the eye. But 
that part whi(;h strikes the rest 
of that surface is internally re- 
flected and sent out in other directions. The flux from the right- 
hand side of S, which after reflection from rn' strikes the central 
contact portion of the hyf)ot(musc surface, passes through and out into 
spa(H\ But that part which strikes the rest of tlu^ surface is, internally, 
totally refl(K‘ted into the eye. Thus the ey(‘ sees an inner cinde by light 
coming only from the left side of the screen and an outer ring by light 



Fiu. 02. DiagranimalJc Skt^tcli of “iMjual- 
ity’’ T>i)o of Lumm(*r and Brodhun 
Pliotoni(’lcr-hoad. 


coming only from tin* right side of the screen. And so it is evident that 
the arrangement makes an id(^al Bunsen photometer in whi(di the inner 
circle corresponds to the grease sj)ot, and tliere is perfect transmission, 
while from the surrounding ring there is ])crfect reflection, each portion 
of the field being illuminated solely by the light from one source. When 
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reaching the trapezoids or segments, so that as a balance is approached 
they appear darker than their surroundings, and when there is equal 
illumination of both sides of S, the center line of division disappears 
and the two trapezoids or segments appear equally sharp and dark 
against their backgrounds. As the photometer-head is moved one 

trapezoid or segment 
becomes darker; the 
other becomes lighter, 
tending to disappear. 
The absorption strips 
are pieces of plane, par- 
allel clear glass which 
by reason of reflec- 
tion from their surfaces 
produce an effective 
diminution in the light 
of approximately 8 per 
cent. 

Sensitivity. — Since 
the eye is able to per- 
ceive a smaller degree 

of difference in con- 
trast than difference in 
brightness, the contrast 
form is more sensitive 

than the equality or disappearance form. Both are more sensitive 

than the Bunsen, since in the latter a mixture of the light from the 

two sources is always present in the grease spot and sometimes 
in the surrounding field. Lummer and Brodhun in their original 
experiments found that a contrast of about 3.5 per cent gave the greatest 
accuracy for illuminations ordinarily met in pra(;tice. Since, however, 
clear glass, as stated, has an effective absorption of 8 i)er cent and the 
instruments based on the contrast principle have employed small glass 
strips to produce the effect, 8 per (;ent has become the usual contrast. 
There has been devised an arrangement whereby, by making the glass 
strip wide enough to cover the entire face of the cube, an extra strip 
having an absorption of 3.5 per cent can be cemented on by Canada 
balsam over the part where the contrast is desired, and a 3.5 per cent 
contrast is thus obtained. Instruments fitted out in this way have given 
more accurate results than the regular type with 8 per cent contrast. 
A further increase in the Sensitiveness of the Lummer and Brodhun 
contrast photometer can be obtained by graduating the absorption of 



Fig. 64. 


Schematic Diagram of Lummer and Brodhun 
Photometric Cube, Contrast Tyjxi. 
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the contrast strips from top to bottom, making them, say, 1 per cent 
greater at the top than at the bottom for the one and the same amount 
less at the top than at the bottom for the other. Assume that the eye 
can detect a difference just greater than 1 per cent. Then a motion to 
the right of the position of balance would show a difference of more than 
1 per cent at the top; motion to the left, more than 1 per cent at the 
bottom. Hence, a setting at the point midway between would make a 
reading certain to 0.5 per cent. 

When there is an appreciable difference in color between the sources 
to be measured, no disappearance of the dividing lines occurs in the 
Lummer and Brodhun cube, and many observers feel that the Bunsen 
photometer is more sensitive. The results of some tests on the accuracy 
obtainable with different photometers are given in the following table: 


Per Cent 

Lummer and Brodhun Contrast 0.38 

Marten’s. . . . 46 

Lummer and Brodhun Equality 59 

Joly Diffusing ... 1.7 

Bunsen (Riidorf Mirrors) 2.0 


Auxiliary Apparatus. — The photometer-head is usually mounted on 
a carriage which can be moved ba(!k and forth on a track, called the 
photometer track or ways (Fig. 65, left side). The photometer carriage 
should be able to move easily ond yet have as little lost motion as pos- 
sible. It should carry a small shaded light which can be used to illumi- 
nate the scale wlien the position of the photometer is to be read. 

Ways. — ''Fhe ways should be rigid, not easily jarred, as straight as 
possible, and so constructed that the carriage will move in a straight 
line. The above applies to the case where the photometer carriage 
moves. In some types of photometric equipment the photometer-head 
is stationary and the comparison or the standard-lamp carriage moves. 
The movable carriages should be provided with pointers which travel 
over a scale attached to the ways. 

Scale. — The photometer scale may be calibrated for distance read- 
ings, in centimeters or inches, or directly in candles. In the latter 
case, in incandescent lamp work a number of different scales to be used 
with different sizes of lamps are sometimes mounted on a drum which 
can be rotated so as to bring any desired scale under the pointer. 

Screening System. — In order to be certain tha>t any light which 
reaches the photometer disk, other than that from the lamps to be 
measured, shall be negligible, a screening system (Fig. 66) is usually 
employed. If this system is properly designed, it is not necessary to 
darken the walls of the photometer room. The screens should be 
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mounted on holders which will enable them to be moved along the 
track, and a number of them should be placed between the photome- 
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a hole in it. The best material to cover such screens is a good grade 
of black velvet. To be sure that no stray light is reaching the pho- 
tometer disk, remove the disk and look through the photorneter-head. 
The eye should then see only the light source and the black surfaces 
of the screens. The reflection from these surfacies, as long Jis dust is 
not allowc^d to collect, is negligible. Another method of making sure 
the s(ireens are properly placed is to look t)ast the edge of the s(!reen 
and see whether the i)hotometer disk is visible. If it can be seen from 
any i)oint outside the screening system, then the screening is not suffi- 
cient. In (!ommer(;ial work, blacdv paint is generally good enough to 
use on the screens, and in some cases it is d(\sirable either to paint the 
walls of the room a dead hhick or to enclose the photometer completely. 

The other auxiliary apparatus which is used will be considered in 
discussing Methods.” 


Illuminometers 

The photometer-heads i)r('viously des(;ribed are in most cases used 
to measure candlopower or luminous intensity. Modifications are 
found in a class of instruments which are soiiKdiines (‘alknl “ illumi- 
nometers,” and soinetiiiK's portable photometers,” and whicli are 
employed primarily to measure illumination (Fig. 67). Because of 
their adaptability to so many classes of ])hotoinetric work, they are 
also called univej'sal ” photometers. These iTistriiments should be, 
and ordinarily are, portable and can be iis(m1 to mea,sure candlepower 
(usually with l(\ss accuracy than the other type) and brightness as well 
as illumination. The essential ])arts of the best modern types are 
comprised in a reliable light source with means for controlling its 
candlepower; a translucent diffusing .screcMi to receiv'^e illumination from 
it and a means of varying th(‘ illumination either bv motion of tlu' lamp 
or .screen, or the interposition of a])sorbing devices; a suitable scale 
for r(M*ording these variations; another diffusing screen to re(*eive the 
flux to ])c measured and capable of rotation about- onc' or more axes; 
an optical systcan for bringing into juxta])Osition in the field of view 
the surfaces of the two .screens and an eye-pie(;e through which to 
view them; a diffusing plate, called a te.st plate, used to jilace at a 
point where illuinination is to be measured; a system of absorbing 
devi(*es to cut down the test flux and tlKuadiy increase' the range of the 
instrument; a suitable standard or trijiod on which to mount it. 

Sharp-Miliar. — The' first American-made instrunu'iit to come into 
general use was the Sharp-Miliar (Fig. (iS), which is tyjiical of this 
class of photometers and a modification of a German design known as 
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the Weber. It consists of a rectangular hardwood box about 2 feet 
long, fitted at one end with an opening containing an elbow tube and 
at the other with binding posts for the electrical connections. On the 



Fig. 67. Types of Portable Photometers (Apiiroximatoly to S(^ale). 



Fig. 68. Side Elevation and Plan of Sharp-Millar Photometer. 


front at the elbow end is an adjustable eye-piece, and running along 
near the top, a translucent photometric scale graduated according to 
the inverse square law. Iri addition, the front holds a knob for moving 
the working standard lamp and ^ pair of resistances to control this lamp. 
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The lamp is mounted on a carriage and is moved on ways by means of 
pulleys and a cord connected to the knob. A set of movable screens, 
automatically adjusted with the motion of the lamp, acts to cut off 
stray light. Light from the working standard illuminates a small 
ground-glass plate which forms the equivalent to one side of the pho- 
tometer-head disk. The other side is formed either by a diffusing plate 
at the elbow when the instrument is used to measure candlepower or 
brightness, or by a diffusing plate or translucent diffusing cap at the 
end of the elbow tube when the instrument is used to measure illu- 
mination. The photometric device is a modified Lummer and Brodhun 
prism in which, by addition of another totally reflecting surface, rays 
from opposite directions are brought to the sight tube. The elbow 
tube may be turned about a horizontal axis, and the diffusing plate at 
the elbow has on its reverse side a mirror whi(;h is used for candlepower 
and brightness measurements. The range of the instrument is extended 
by a pair of absorption glasses so fastened that either one of the pair 
may be used to cut down the light on either side of the prism. A 
smaller instrument has been designed. 

Macbeth. — The Macbeth illuminometer is another American in- 
strument of more recent design but of the same general character 
(Fig. (39). It is much more compact, the case being a small metal 



Fia. 69. Diagrammatic Sketch of Macbeth Illuminometer. 


cylinder, and the working standard lamp is set at one end of a rec- 
tangular metal rod which contains the scale on onp face and is moved 
by a rack-and-pinion controlled by a knurled knob. The interior of 
the tube is covered with black velvet to eliminate the effect of stray 
light and the rigid connection between the lamp and the scale avoids 
back-lash errors. The elbow tube is fitted with a mirror only, at the 
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elbow, the whole tube being removed for measurements of candlcpower 
and brightness. A feature of this instrument is an auxiliary leather 
case containing resistances, dry cells, and a milliamrneter, with an 
arrangement for checking the calibration of the working standard in 
situ. 

Weber. — A foreign instrument, which was the precursor of precision 
instruments of this type, is the Weber photometer. In Fig. 70 the 
lamp shown as a standard is a benzine flame, but this can be, and in 
this country generally is, replacjed by a miniature elec^tric lamp. The 
difficulty with the latter is the necessity of adding to the equipment 

a batt(iry (a diy or storage cell), 
a resistaiK^e, and a voltmeter or 
ammeter. This, of course, involves 
additional weight. The question 
of what- to us(‘ for this comparison 
source lias been mindi discussed, 
but tli(‘. electric lairqis seem to be 
the only solution where accurate 
work is to be done. The flame 
height has such an (^ffec^t and is 
so hard to control in oil lamps 
that they arc not satisfactory for 
precision work. 

Referring to the figure again, 
the source at h illuminates a milk- 
glass plate, /, which is moved back and forth in the tube, A, and carries 
with it a pointer moving over the scale. Tube A is mounted on and 
can be turned about a vertical rod. Tube B is fastemed by a sleeve 
to A and can be turned about a horizontal axis. At p is a Lummer 
and Brodhun cube and this is observed through the eye-piece at o. 
The other end of B has a holder, in which may be jdac^ed any one or 
more of a scrii^s of milk-glass plates. Beyond the holder is a tube, fc, 
to jirotect g from stray light. If the iiistruimuit is to l)e used to measure 
the candlepower of a source*, tube B is pointed at the source and ori- 
ented so that its axis extended passes through the (tenter of the light 
source. The milk -glass jilatc^ at g and the other at / then become the 
two surfaces which correspond to the sides of the plastcr-of-Paris screen 
in the ordinary Lummer and Brodhun jihotomcter-hcad. The distance 
from the source to the plate at g having been measured, the intensity 
can be calculated from the reading of the scale, the latter having been 
previously calibrated. Thus, if it were calibrated in milliphots and 
the unknown source was at a distance of 1 meter from and if 



Fig. 70. Diagrammatic Sketch of 
Weber Photometer. 
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equal illumination was found with / at 1 milliphot, then the source 
would have 10 cp. in the given direction. 

Measurement of Illumination. — If the instrument is to be used to 
measure illumination, the plate at g is removed and one of two pro- 
cedures is followed. In one procedure, a white diffusing plate or card 
is placed at the point where the value of the illumination is desired, and 
tube B is pointed at this plate. This plate would then be seen in place 
of the plate at and / would be moved until the photometer field showed 
uniform brightness. The scale having been previously calibrated, the 
pointer would indicate the corre(;t illumination. 

In the other procedure, a strongly diffusing milk-glass plate is fastened 
on the end of g in place of the tube, /j. The instrument is then plac.ed 
so that this plate occupies the position where the value of the illumina- 
tion is desired. If it is in a liorizontal plane, a totally reflecting prism 
at s enables the observer to see the prism, />, without effort. As before, 
f is moved until the photometer field is of uniform brightness. 

The range of illumination which the instrument can measure is 
extended by using a number of ])latcs at g or single plates of varying 
density. 

Beckstein. — Another foreign instrument of a more elaborate type 
is that due to Beckstein (Fig. 71). The standard lamp is placed in a 
small opa(iue si)h(^re havdng a- whitened matte inner surface and provided 
with a window made of milk-glass which is shielded from the direct rays 
of the lamp. The transmitted light may be altered in intensity by 
means of an absorbing screen or changed in color by a glass filter and 
then i)ass(*d through a variable-opening sector-disk arrangement, 
to a photometer cube. In this type of s(H^tor-disk, which will be referred 
to later, the beam of light is made to rotate. It passes through a sector 
opening, which may be adjusted, while the light is rotating, from an 
opening of LSO^ to zero. A suitable scale is attached. Thus, the light 
from the standard lainj) si)here may be altered continuously from 50 
I)er cent to zero, and an additional fixed reduction may be made with 
the absorption strip mentioned above. The figure shows the original 
form of the instrument, the cylindrical housing, TO, having subse- 
quently been replaced by the small sf)here. The receiving plate of 
translucent milk-glass is attached to a tube, G, which hous(»s two ab- 
sorbing devices, ^ 3 , which may be adjusted to cover quite a large range 
in illumination. The tube, (7, can be turned to any d(\sired position and 
the instrument used as n n ordinary photometer by placing the shielding 
tube, /is, over the milk-glass plate, when the latter is in the position 
shown. For brightness measiin'ments, the arrangement is the same as 
far as is concerned, but the shell carrying the milk-glass plate is 
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turned until an unobstructed opening is in line with fta. The sector- 
disk is driven by a motor and current must be provided to operate it. 

In England a number of illuminometers have been developed in which 
the illumination due to the standard lamp is varied by changing the 
angle of incidence on the translucent screen. An excellent description 
of these instruments. is to be found in Trotter’s work. 



L . . 

Fig. 71. Beckstein Illuminometer. 


Foot-candle Meter. — In order to make it possible to obtain approxi- 
mate values of illumination quickly and easily, an instrument called a 
foot-candle meter has been devised on the same principle as Trotter’s 
slot or limit gage photometer. As shown in Fig. 72, it consists of a light 
box covered with a screen perforated with a number of small holes 
lying in a straight line, and covered with a translucent diffusing material. 
When the interior of the box is illuminated by a small incandescent lamp 
placed at one end, the spots nearest the lamp appear brightest as viewed 
from above, and there is a graduated decrease in brightness to the spots 
farthest from the lamp. The instrument is placed at or near the point 
where the illumination is desired and the spot which has that illumina- 



SOURCES OF ERROR 


205 


tion will tend to disappear. The foot-candle value may be read from 
an attached scale. The case carries two dry cells, a voltmeter and 
resistance, and the whole is small enough to be easily carried by hand 
and used in restricted locations. 



H-SCRttN 
Scale 


Locking 
Pin 



Fig. 72. Foot-Candlo Meter. 

Sources of Error. — Tlie receiving plate is one of the essential parts 
of an illuminometer photometer. In making measurements, the pho- 
tometric device must either lie placed under it or over it. If below 
the plate, the extent to whicli the surface 
obeys Lambert’s (osine law and the extent 
to which the diffusely transmitted light 

is affected by the glass are factors of ^ 

consideraWe imjiortance. If the photom- ^ 

eter box is above the plate, (ronformity to 

the cosine law is equally important, but IW 

the extent to which the instrument and I 

the observer cut off light which would 1 ^ 

otherwise reach the plate must also be 1 

given careful consideration. Where the | 

receiving plate is kept as part of the in- Compensated Test 

strument, interference with the incident ^ Plate, 

flux is much more easily avoided. Several 

attempts have been made to produce a test plate in which the cosine 
error is corrected; among others, one called a “ compensated test plate ” 
both in the reflecting and transmitting’ form. In the latter case (Fig. 
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73), the light lost by reflection at increasing angles of incidence is com- 
pensated admitting light to the posterior side of the plate through 
an opal glass ring. In the reflecting form, a disk of depolished white 
glass is used and additional light added by transmission of light diffused 
from a plate placed beneath. 

As most illuminometcrs are direct-reading, the scale is a potential 
source of error. The constancy of the standard lamps and stray light 
caused by leakage or by internal reflections arc other possible sources. 
Proper calibration will redu(‘c these errors in general to the point where 
they arc negligible compared with the uncertainties in the photometric 
settings. 


Methods 

Direct Comparison. — There are two general modes of procedure 
employed in the inter comparison of light sources by the use of photo- 
metric aj)paratus. In the first, which is known as the “ direert (compari- 
son procedure, the apf)aratus is set up in such a way that the source 
of light to be measim'd is compared directly with the standard source, 
one being jdaced on one side of the photomebir-head and tlu^ other on 
the opposibi side, and a balance' obtained in the usual way. In making 
mcasureuKints according to this procedure, many precautions are 
necessary to (eliminate errors such as differences in th(^ two sidc^s of the 
photometer disk and other parts of the f)hotometor-head, inequalities 
in tJie ways, errors in the scale, stray light reflected from the screening 
surfaces, and the tendency for an observer to favor one side of tJie disk 
rather than the other. This method is (piiie commonly used in gas 
testing. 

Substitution. — The second general procedun^ is known as the sub- 
stitution ’’ procedure. Tn this case, the comparisoTi In'tween the source 
of light to be measured and the standard is indirect, t'irst, the standa,rd 
source of light is set U[) and compared with a (‘onst-ant source of light of 
convenient cand]('j)ower and color. Thou tlu^ standard source of light 
is removed and the unkiioAvn source is substituted for it. The unkuown 
source is then conipan'd with the constant intermc'diate source of light 
and its value is compub^d from the two sets of measimanents. The 
advantage of this proc^cdure over tile direct comparison method lies in 
the elimination of all errors due to lack of symmetry, etc., since these 
errors aj)pear in both m('asurcni(mts, tliat of the standard and that of 
the unknown. The substitution procedure should be used whenever 
possible. 

Means of Varying the Illumination on the Photometer-disk. — In 

order to get equality of illumination on the sides of the photometer-disk 
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and hence in the field of vision, a means must be provided for changing 
this illumination in a known manner. The simplest and most common 
method is to vary the distance between the photometer and one or both 
sources. This may be accomplished in three ways: (a) by having the 
sources fixed and moving the photometer between them; (b) by keeping 
one source and the photometer fixed and moving .the other source; or 
(c) keeping one source fixed and moving both the photometer and the 
other source simultaneously, the latter source being fastened to the 
photorncter-head by connecting rods. 

Equations. — If the photometer carriage or either source is moved, 
its motion should be parallel to the photometric; axis. In the direct 
comparison procedure for condition a, let E Vje the illumination on both 
sides of the disk. Let I be the candlepower of the source on the left 
and r its distance from the photorneter-head. Similarly, let Ii be the 
candlepower of the source on the right and ri its distance. Then 



If a second reading is made with the disk reversed — and this should 
alwa.ys be done for even fairly accurate results — then, as was shown in 

vr^ 

the theory of the Bunsen disk, I = h 7. If r and / are very 

r i7\ 

different , the disk should be examined and, if necessary, replaced. 

Not infrequently it is dc^sirable to keep the photorneter-head sta- 
tionary and at a fixed distanc^e from one source, 7, say the unknown 


(condition h). In this case, the comparison source, is moved and 
the cixiidlepower ratios arc as befcxre except that, r being constant, IiV^ 

is a constant, therefore I = constant X = constant X , where the 


disk is reversed. In the third arrangement (condition c), one source, 
7], say the known, is rigidly attached by means of rods connecting the 
carriage to the i)hotomctcr and both photorneter-head and source move 


together, the other source, 7, being fixed in position. 


Then is a 


constant and 7 = constant x = constant X r/ where disk is reversed. 
One advantage of fixed distance between the photometer and one source 
is that the inverse-scpiare-law error can be eliminated under certain 
conditions even though the distance involved is srnall. 

If the substitution procedure is used, the lamp used as an intermedi- 
ary is sometimes called the comparison lamp. Call its candlepower 7^ 
and its distance from the photometer disk Then for condition a, if 7* 
is the intensity of the standard lamp, r, its distance, 7 the intensity of the 
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unknown, r its distance, 7, = f ^ ’ From which 7 = 

, if the disk is not reversed. 

[v'J 

In condition b, I = condition c, 7 = • Where the 

disk is reversed, the equations should be altered as before. Obviously, 
then, the last two arrangements are to be used if possible. A fourth 
arrangement, which is available and sometimes used, is to move a 
mirror or a pair of mirrors. But the principle is the same. To avoid 

confusion in all cases, work from the equation 7? = ^ 

Rotating Sectored Disk. — The illumination on the photometer disk 
can be changed by intercepting the light beam with a rapidly rotating 
disk having secitor openings cut in it. These disks should be so con- 
structed and should be rotated at such a speed that no evidence of 
flicker appears in the photometric field. 7'‘o facilitate this the openings 
are generally arranged symmetrically so that the intervals between the 
passing of an open sector and the next open sec^tor will l)e the same. 
Several types of rotating sec^tors are in use. 

Fixed Opening. — The fixed-oi^ening sector, Fig. 74, provides li, 
convenient means for reducing the flux of a beam of light in a known 
ratio, an operation whicdi is often desired in order to bring a given meas- 
urement within the range of a given photometer bar. For instance, 
in measuring a 1000-watt lamp, a 12° disk will bring the candle-power 
to approximately 33.4, which can be measured with an ordinary 
40-watt lamp as a standard and with the photometer-head at the center 
of the scale. In commercial photometry, both 00- and 30- watt lamps 
can be measured without changing the comparison lamp, if a 180° disk 
is used. With two sets of three sectors having percentage openings 
of 50, 60 and 70 respectively, it is possible by cjornbiiiing two at a time 
to get percentage openings of 10, 20, 30 and 40, and such sets can now 
be purchased. 

If two disks, each having a total opening of 180°, are arranged on the 
same axis so as to permit one to ba moved with respect to the other, 
it is possible to get any ratio from 50 per cent to 0 by changing the 
amount of the shift. Using two disks, the maximum opening can be 
made greater than 50 per cent by making the closed portions in sections 
which can be spread open like the leaves of a fan. Types of two-plate 
disks have been developed recently. 

Brodhun or Rotating Prism. — A third type, illustrated by the Brod- 
hun sector. Fig. 75, permits of a change in the opening while the in- 
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strument is in operation. In this case, the beam is rotated past a 
stationary sector, D. Two Fresnel prisms, ggi, hih 2 , are employed for 
this purpose and the percentage opening is read from an outside scale- 
As %t present constructed, the instrument is adapted to intercept 



Fkj. 74. Sectored Disk Mounted on Photometer Bar. 


light flux in rather small beams, such as those used with spectroscopic 
apparatus. 

Variable-sectored Disk. — For the special purpose of spectrophotom- 
etry, in which the beam to be measured enters the narrow slit of the 
collimator, there has been devised (Fig. 76) a simple form of disk in 
which the opening used can be varied while the disk is rotating. In 
this form the sides of the apertures are not fadial but parts of a circle, 
and so arranged that near the center of the disk the total opening is 
almost 90 per cent, while it decreases to practically zero at the periphery. 


Fig. 76. Variable-scctorod'Disk, Mounted on Spectrophotometer. 
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Thus, by moving the axis of rotation of the disk back and forth later- 
ally, the opening in front of the slit is changed while the disk rotates, 
and a suitably calibrated scale indicates the effective transmission. 
Obviously such a disk can be used only where the beam is very small, 
since otherwise the transmission on one side of the beam would materi- 
ally differ from that on the other. 

In all cases where disks are used, care should be taken to see that 
the entire beam is included wdthin the radial oi)eniiig of the disk. As- 
suming the disk to be large enough initially, this (\an be accomplished 
by seeing that the disk is placed (dose enough to the photometer-head. 

Diaphragms. — If the sources of light is a uniformly diffusing surface, 
the amount of light it emits is proportional to its area, and if a dia- 
phragm is placed before it, the light transmitted will \iiry as the opening 
in the diaphragm. Thus if a uniformly diffusing surface, sucdi as a 
block of magnesium, is placed in front of the slit of a spectroscope and 
illuminated uniformly, the light whicli gets into the spectroscope will 
vary directly with the opening of the slit. Again, if a converging lens 
is used to throw an image of the bright surface which is the source of 
light on the photometer disk, then the lens diaphragm may be used to 
alter the inteuisity of the transmitted beam. 

Absorbing Media. — A fourth method of varying the illumination by 
a known amount is by the use of absorbing media. It is essential that 
such media be as non-sel(;(dive in their absorj)tion as possible. Smoked 
glass is quite generally used for this purpose but is somewhat selective. 

An absorbing device called a neutral tint-absorbing screen, which 
is free from the selectivity error, consists of ruled gratings such as those 
used by photo-engravers. They are simply piec^es of glass with black 
lines etched on them, and transmissions from about 80 per cent down to 
10 per cent can be obtained by a proper choice of ratio of opaque to 
clear spacing, size and fineness of the spacing. Each of these absorbing 
screens should be calibrated under working conditions. If two such 
black -line gratings are proi)erly mounted so that one can be moved 
with respect to the otlicr, the transmission can be made to vary con- 
tinuously. This method of changing the illumination is of particular 
value in cases where rotating sectored disks cannot be used, as in flicker 
photometry. 

Besides the above-mentioned methods for varying the illumination 
on one side of the photometer-head disk, others \vdVG been suggested 
and arc sometimes used, as, for instance, varying the angle at which the 
jjjfburce is observed; or in incandescent lamp photometry, varying the 
Voltage on the lamp; or in gas photometry, the height of the flame. 
But these arc not used with sufficient frequency to warrant discussion. 
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It should be noted, however, that in varying the voltage of an incan- 
descent lamp, the color is also varied and this is apt to be objectionable. 

Candlepower Measurements in Various Directions. — The quantity 
to be measured will in general determine the course to be followed 
in making the measurement. 

Center of Radiation. — For candlepower in one direction, the lamp 
should be mounted so that the given direction coincides with the photo- 
metric axis or, if this is not possible, so that the direction is normal to 
the photometer disk or makes an angle which can be duplicated for the 
light coming from the comparison source. One of the difficulties in 
the single-direction type of measurement is to determine the proper 
point in the illuminant from which to measure the distance to the 
photometer-head disk. This point is called the center of radiation. 
In the case of an incandescent lamp, it may be taken as lying on the axis 
of the lamp (in general, a line passing through the center of the base 
and the center of the filament construction). In the case of a rotating 
lamp, the center of radiation will be so close to the axis of rotation 
that it can be assumed to be on this axis for all practical work. But 
in accurate work this point should be mentioned and the distance at 
which the measurement is made, specified. 

Mean Horizontal Candlepower. — To measure the mean horizontal 
candlepower, only a single measurement is necessary if the lamp can 
be rotated. Otherwise, cither a system of rotating mirrors should be 
used, or a sufficient number of measurements in different directions or 
at regular angular intervals in a horizontal plane must be made to give 
a good average. In such point-by-point measurements, if the lamps 
show a marked change in candlepower in a given region, additional 
measurements should be made in that neighborhood. The mean 
horizontal candlepower is measured practically only in the case of in- 
candescent lamps. When measurements are made with a lamp rota- 
ting there will be in most cases a continuous fluctuation of the illumina- 
tion on the photometer disk, due either to variation in the candlepower 
in different azimuths, or to the filament not being properly centered 
in the bulb and with respect to the base, so that the distance from the 
filament to the disk changes during .a rotation. 

Elimination of Flicker. — This fluctuation causes an appearance of 
flicker in the field of view. If this flicker is marked, it is very difficult 
to make a judgment of the equality of illumination. The flicker can 
be reduced to the point where it is not objectionable by making the 
speed of rotation high enough. It can also be decreased by the use 
of a single auxiliary mirrof placed near the lamp and adjusted so tliat, 
in addition to the flux ordinarily striking the photometer disk, another 
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beam coming from the lamp at a different angle is reflected into the 
photometer. The angle should be such that if the lamp is held sta- 
tionary and the candlepower along the photometric axis is a maximum, 
the mirror is placed so that a beam in the direction from the source 
where the candlepower is a minimum is reflected into the photometer. 
Thus an average is approached and the flickering effect reduced. 

Speed. — For carbon lamps, it was early established that the mean 
horizontal candlepower is not altered by revolving the lamp, so long as 
the speed of revolution is not so great as to cause the filament to bend 
out so as to touch the side of the bulb. Ordinary vacuum tungsten 
lamps can be rotated at a speed such that the filament does not bulge 
out, 100 r. p. m. being common practice. At faster speeds the filament 
may break. But with the introduction of the gas-filled tungsten 
lamp, it was found that these conditions no longer held. The candle- 
power for such lamps varies with the speed of rotation. Time will 
not be taken to dis(‘uss the reasons for this or the experimental data 
but at the Bureau of Standards, experiments showed that if a gas- 
filled tungsten lamp was rotated at a si)eed such that the current was 
the same as when the lamp was stationary, and if the lamp was burned 
in the proper jiosition, the mean horizontal candlepower could be 
determined in the usual way. 

Mean Spherical Candlepower — The mean spherical candlepower 
may be obtained in one of three ways, either by measuring the candle- 
power in various azimuths and zones and (computing, called the 

point-by-point method; by (computation from the mean horizontal 
candlepower using the reduction fa(’tor; or by a single measurement 
with auxiliary apparatus such as a mean spherical photometer, holo- 
photometer, lumen-meter, or an “ Ulbriclit ” integrating sphere. 

Computation. — By definition, the mean spherical candlepower is 
the total flux divided by the total solid angle. To compute the total 
flux, let it be assumed that the average candlepower, le, at any angle, 
By measured from the vertical is known. The area of an infinitesimal 


zone at that elevation will be 2'Kr^ sin B dB, The illumination of an 
infinitesimal area of this zone will be^^ ; the flux, therefore, will be 


sin B dBy and the mean 

spherical candlepower will be this divided by At or le sin where 

lo is the average luminous intensity or niean candlepower at the 
angle B obtained by the point-by-point method, either by measurement 


2Trr^Io sin B dB 


, the total flux will be 27r 
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with the lamp rotating, or by a scries of measurements around the 
lamp as in the case of the mean horizontal candlepower. Taking a 
vertical plane through the axis of the lamp, tlie distribution curve of 
the source may be plotted in polar coordinates. If the equation of 
this curve were known, a substitution for Te of its value as a function 
of 6 would make possible a determination of the mean spherical candle- 
power. Such an integration might or might not be (iompli(;ated. 

Middle-Zone Method. — A simple procedure is as follows: Divide 
the sphere into n equiangular zones. Then, in any given zone, there is 
some angle at which the producd- lo sin 0 is the same as the average over 
the zone. The flux in that zone, say the first from the vertical, can then 
be written as 

fir 2 - 71 ^ 

Fe, = 2TrIe, sin 6>i I n dO = - ~ Te, sin 9i 
«/ 0 


where di is the angle at which the candlepower is siudi that /<?, sin 0, is 
the average of that product throughout the zone. Then the total flux 

27r‘^ 

would be — sin d and the mean sj)hcrical candlepower would be 

n ^ 


X total flux or 
Aw 




It is found that if 6 is taken at the middle of the zone and if 18 zones 
are used, i.e., every 10 degrees above and below th(‘ horizontal, the 
result will be correct for all distri])utions ordinarily encountered to 
within less than 0.5 per cent. If a mcasuretmmt is made at the same 
time of the mean horizontal candlepower, the ratio of tlu^ mean spher- 
ical to the mean horizontal will give the reduction factor. Any sub- 
sequent measurements of the m. h. cp. will enable a computation of the 
m. sph. cp., in case the m. h. changes. This is one of the (juickest 
methods of obtaining the m. sph. cp., but quite a number of other 
methods have been suggested to compute the m. sph. cp. when the 
candlepower has been measured at sufficient angkvs to give the dis- 
tribution curve. The most common of these methods is known as the 
Rousseau method. See early text books such as Stine. 

Universal Rotator and Mirror Systems. — To measure the candle- 
power at various angles, two modes of proc^edure are in general use. 
If the source, either a lamp or a lamp and reflcc.tor, can be rotated, it 
may be mounted in the socket of what is callcMl a universal rotator 
which, while the lamp is rotating about an axis in one plane, enables 
it to be set at various angles in a plane perpendicular to the first. If 
the source cannot be rotated, a system of mirrors is used. In this case, 
care must be exercised to see that the mirrors are as uniform in reflecting 
power as possible and that they are thoroughly cleaned. 
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Radial Photometer. — A third method of getting distribution curves 
uses what is called a radial ” photometer. In this case, the source to 
be measured is raised and lowered along a vertical line. It is connected 
by means of a fixed arm to the photometer-head in such a way that the 
latter is turned about a horizontal axis so that the angle of incidence 
on one side of the screen is the same as that on. the other for every 
position of the lamp to be measured. 

A number of integrating photometers have been devised, the purpose 
of which is to give the mean spheric^al or mean hemispherical candle- 
power with one reading. The most prominent of such instruments are 
the Mathews integrating photometer, the Bloiidel lumen-meter, and 
the Ulbrieht integrating sphere. 

Mathews Photometer. — The Mathews instrument for measuring 
incandescent lamps consists of a scries of mirrors arranged around a 



Ftg. 77. ITlhricht Sphere. 


semi-circular frame, so that in any zone Ihc mirror corresponding to 
that, zone is 2:)laccd at an angle such that lo cos 6 .is tlu^ average for the 
zone, lliis and tlie Blondcl instrument are expemsive to make and 
have been generally supersecied by the Ulbrieht sj^here. 

Ulbrieht Sphere. — The Ulbrieht sphere. Fig. 77, has now come into 
use in factories as a result of the necessity for an integrating instrument 
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for the measurement of gas-fillod tungsten lamps. It consists of a large 
hollow sphere coated on its inner surface with a white paint or other 
material of as nearly perfect diffusing power as possible, and having at 
one point a small window of translucent glass set into it. The lamp to 
be measured is placed inside of the sphere, and betwe^m it and the win- 
dow is placed a white screen so that the direct rays from the lamp do 
not strike the window. Then the brightness of the window is directly 
proportional to th(' mean sph('rical candlepower of th(^ source. 

Theory of the Sphere. — The proof of this j^rinciph' may be derived 
as follows (Fig. 78) : TIk^ illuniination on any infinitesimal element of 

the sphere, such as da at A, will be due to 
direct light from L, the lamp under test; 
to light from every point such as B, due to 
light from L once reflected; to light from 
from every point such as C, due to light 
from L twice reflected, etc. The direct 
illumination will be a funt^tion of the candle- 
powTr of L in the direction LA and the 
distance. Call this Ela- Any point, B, 
receives light directly from L and reflects 
it to A, and hence B may be considered a 
secondary source. Let Eb be the illumina- 
tion on any infinitesimal part of the smface 
db at B due to direct light. Then if k is the reflection factor of the 

Enk 

surface Esk will be the brightness in lamberts and , the brightness 

TT 

in candles per sq. cm. The candlepower of db in the direction A will be 

The 



Fig. 78. Diiigram for Compu- 
tation of Theory of Ulbricht 
Sphere. 


COS d db = COS 0j where dFs is the flux incident on db, 

IT TT 


illumination at A will be 


I 


dFBk cos 0 cos 6 
wF 


dFjik cos“ 0 
Airr- cos^ 0 


dFnk 

47rr2 


since 


^ = r cos I 


.*. total illumination on da due to all light once reflected will be 
V = Fc\ where Fc is the total flux from L. 


This would also be the total illumination on an infinitesimal element, 
dcy at C due to light once reflected. To get the illumination on da due 
to light from dc, which has Ix^en twice refle(;ted, take as before the 

‘ E k k 

brightness in candles per sq. cm. of dc = where Ec is F^-^and the 
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E k 

candlepower in the direction, da = ——cos/Sdc. Illumination EcA 

TT 

__ EJc cos 0 dc co>s 0 __ Eck dc _ , dc 

~~ TT 4r^ cos‘^ 13 4Trr^ S S 

/ . Total illumination at dxi dut^ to light twice reflected = = 

Fc since Vdc = S. Continuing this procedure, the total illumination 
on da will b(^ equal to 

Eu.a, + X ^ + • • • = ’ + "^('1 - h) ■ 


If then da is shielded fi’om tlie direet light from L, thereby eliminating 

F 

the term, E(i,a), the nimaining illumination will be proportional to • 

But this is pro])OJ’tiorial to the mean splierieal candlepower. Hence, 
the illumination on the small window is j)ro])orti()nal to the mean 
spherical candlepower jwovided it is shielded from the direct rays from 
th(i source. 

Errors. — The above theory applies rigorously to a perfectly diffusing 
surfa(*e and an empty sj)here, and the pn'scnicc' of the source with its 
fittings and the screen to cut off the direct light evidcmtly (‘onstitute 
variations from the ideal conditions. Other variations lie in the im- 
perfect diffusing character of the surface and in the presence of the 
window whose surface is a. translucent milk-glass. It is beyond the 
scope of this work to go into a discussion of these various sources of 
error. It is sufficient to })oint out lK*re that some of the (*rrors can be 
minimized by using the “ substitution method of nu'asuremeiit, and 
this method should be uscal ex(‘lusively. Furtherniore, where a large 
source, such as a lamp and n'flecdor or an arc himi), is to be measured, 
both the standard and the unknown source should ])e kept in the sphere, 
so that absorption by the lamj) parts will be allowed for when readings 
are being taken on the standard. The i)osition of the source in the 
sphere is immaterial as long as it is not- loo close to the sphere' wall. 
The screen used to shut off direct light from tlu^ window should be as 
small as possible and about 0.4r distant from the Limp, wh(*re r is the 
radius of the sphere. Obviously, if the unknown and the standard are 
both in the sphere, two screens must be used, and in this case it is com- 
mon to jdacc a third sen^en between the two sourqcs. Exj)eriencc has 
shown that the screens used should be opaque. White blotting paper 
makes a very good s(;reen material. 

Photometer for Sphere, — In using the sphere the brightness of the 
translucent window is compared with a surface whose brightness can 
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be varied in a known way. Thus an illuminometer can be used as a 
photometer and pointed at the window. Then a standard whose mean 
spherical candlepower has been determined by the point-by-point 
method is placed in the sphere and, the voltage of the comparison lamp 
having been adjusted for color-match, the scale reading for brightness 
match is noted. If the scale is properly calibrated, the mean spherical 
candlepower of an unknown sourc^e substituted for the standard can 
be determined by direcd. proportionality. 

By placing a mirror in one side of the Lummer and Brodhun pho- 
tometer-head so as to reflect into the cube the light coming from the 
window and shutting off the light from that side of the disk, measure- 
ments may be made in tlie usual way by keeping the photometer sta- 
tionary and moving the comparison lamp. The mean spherical candle- 
power of two sources will tlicn vary inversely as the square of the 
corresponding comparison lamp distances for balance. 

Paint. — One of the early diffi(;ulties with th(j sphere was the finding 
of a suitable material to coat the interior. Such a material should have 
as high a diffuse rc^flecting power as possible and should ho non-selective 
in its absorption, i.e., as white as possible. Furthermore, it should not 
change with age. The effect of dust and dirt is obvious, and frequent 
recoating seems necessary where accuracy is important, although the 
substitution method of measurement tends to minimize these errors. 
Recently a paint has been devised especially for this purpose, and for 
cases where a similar necessity occurs, which gives promise of solving 
the difficulty. Spheres have been constructed in a number of different 
sizes, but the larger the sphere, the smaller th(^ errors due to scnnuis, etc. 

The sphere has found quite wide application in the ])hotometry of arc 
lamps where the intensity in a given dire(;tion is constantly changing. 
Re(;ently, since the introduction of the gas-filled tungsten lamp, it has 
come into general use in the photometry of these lamps. It has also 
been adapted for use in measuring reflection factors. 

Brightness Measurement. — Besides the measurement of candle- 
power, photometry is concerned with the measurement of illumination 
and brightness. The method of measuring the former was outlined in 
the description of the Weber ])hotometer. To measure the brightness 
of a self-luminous source, such as an incandescent lamp filament, its 
intensity in a direction normal to the filament is measured. This 
divided by the projected area will give the brightness. If the brightness 
of a wall or other reflecting luminous surface is to be measured, the 
illuminometer is usually employed, and, arranged as a photometer, has 
its tube pointed at the wall in question. In this case, the scale must be 
calibrated in brightness units and this is done by using an auxiliary white 
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diffusing surface whose coefficient of diffuse reflection is known and 
illuminating it by a source of known candlepower placed at a known 
distance. 

Measurement of Reflector Units, — The measurement of lamps with 
reflectors involves a number of variations in the ordinary photometric 
procedure. In the first place, the sources are in. general quite large 
and, furthermore, the light flux is more or less controlled in its direction 
and hence the inverse square law must be appliefl with reservations. 
Such sources may be divided into two broad classes, those used for 
general interior and exterior illumination, as in stores, factories, streets, 
etc., and those used for projection purposes, such as automobile head- 
lights, searchlights, floodlights, motion-picture work, etc. For sources 
of the first class, it has become accepted practice, . where possible, to 
place the photometer at a distance of 10 feet from the lamp and reflec- 
tor and make adjustments for a balance by moving the comparison 
lamp. For sources of the second class having a parabolic reflector, 
measurements arc made at a distance greater than that at which the 
beam has ceased to be convergcuit and become divergent. P'or flood- 
lighting projectors, this distance seldom needs to be more than 25 
feet. For large searchlights, it may run from 1000 to 2000 feet. 

Apparent Candlepower. — Sources of the first (!lass arc usually 
measured with an ordinary photometer for their distribution curve, 
or in a siihere, in order to determine the total flux. Recently, the 
sphere has also been adapted for the measurement of searchlight beams 
and floodlighting units, but it has been more common practice to deter- 
mine the candlepower at various j)oints across the beam, using a pho- 
tometer of the portable type. The resulting cmidh^powcr is sometimes 
called the apparent '' candlepower by which is meant the luminous 
intensity which a standard lamp would have to have to produce at 
the given distance and in the given din^ction the illumination measured. 
While th(r practice has not yet been standardized, in most cases the 
distance is measured to the center of the filament as the center of 
radiation. 

Color Photometry and Objective or Physical Photometry 

It has so far been assumed that the lights to be measured were either 
of the same color or else so nearly the same as not to cause inconven- 
ience or uncertainty in making settings. But the continual tendency 
in incandescent lamps toward a light which is relatively stronger in 
the blue radiations has made the question oT heterochromatic or color 
photometry increasingly important, and It has long been a factor in the 
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measurement of arc lamps and incandescent gas mantles. In deter- 
mining the candlepower of a tungsten lamp in terms of a carbon lamp 
standard, it is found necessary to make a (;omparison of a red-colored 
field with a blue-colored field. 

When the parts of the photometer field appear different in color, 
the eye is confroiiU'd with the comparison not only of brightness but 
of color difference, ajul it is more difficult to decide when the parts of 
the field are equally bright or hav'e e(jiial contrast than under con- 
ditions of equality of color. The difficulty inen^ases as the color differ- 
ence is larger. It is harder to remember the criterion from lamp to 
lamp, and different observers get different results. A phenomenon 
called the '' Purkinje effect is also a factor and must be considered 
where weak illuminations arc encountered. In such cases, i.e., weak 
illumination, th(‘ (*ye is Jiiore seiisitiAT to blue than to red light, and 
this may be taken as a condensed statement of tlu‘ Purkinje effect. 

However, within certain limits of error, which widen as the color 
difference; increase's, it is })ossible to fe)rm a juelgment as to when two 
fielels illuminated by lights of differemt tint appear eepially bright and 
the ordinary fe_)rms of plied ennete'r can be used for tlie jmrposc. Senne 
observers claim the simple eepiality eir niate*h tyjie is prede^rable to the 
contrast type;, but this sen'ins to be; a ma t ten* of habit and prefcreuice, 
just as some eibservers ])refer the Bunsen Leeson-elisk photometer to 
the Lumrner and Brodhun. 

Flicker Photometer 

A type eff instrume*nt wliich has e-eime' ine*reasingly into prenninence 
in the past few ye*ars is tJie so-e*alieMl ffie*ke‘r ” jihedeiine'tor, whie;h 
has been evolved from the we>rk of Hejeid. lie elise;e)ve‘red that whem 



Fig. 79. Diagrammatic Skfitch of Whitman Flicker rhotome;t^T. 

two colored surfaces are alternately presented to view in rapid succes- 
sion, the sensation of color disappears, or the color sensations of the 
two are mingled, although a sensation of flicker may still persist. More- 
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over, there is a condition of illumination of two such surfaces when the 
flicker tends to disappear. It is then assumed that the illumination 
is the same on both surfaces, but this is only an assumption. Various 
photometers on this principle have 
been built. The essential require- 
ment is a revolving device which 
shall present to the eye in succession 
fields illuminated by the two soun^es. 

Whitman’s Photometer. — One of 
the simplest and earliest forms is 
that due to Whitman (Fig. 79). Let 
A be a rotating sector whose solid 
portions on the side toward Li have 
a white diffusing surface. Let B be 
a stationary surface of the same ma- 
terial. Then the eye will see a sur- 
face illuminated by Li when a solid 
sector of A is in front of the eye- 
piece; and then as A revolves and 
an open sector comes in the line of 
sight, B will be seen illuminated by L 2 . 

Rotating-prism Type. — A com- 
mon type of instrument is one in 
which a rotating prism is used to 
produce the alternations in Lhe field. 

Figure 80 shows such an instrument. 

Recently thf^ixj has been made avail- 
able an attachment containing a 
rotating prism which can be applied 
to an ordinaiy Lummer and Rrodhiiii 
photometer to make it into a flic'ker 
instrument. 

When this attachment is used, the 
contrast alisorption strijis of the 
photometer must be removed ; other- 
wise, there will always be an out- 
standing intensity flicker. 

As a result of the latest work on this subject, the following are given 
as the recpiiremenls of a satisfactory flicker photometer; 



t'liokcr Photometer. 

M — Motor. 

CJ — Photometer screen. 

R — RotjitiiiR holder for lens Lj 
and double wedge prism K. 
La — Eye-picve lens. 


Requirements. — Firsts undue tiring of the eyes should be guarded 
against. This is secured mainly by making the surroundings of the 
flickering field light instead of dark. The intensity of the illumination 
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for this puipose should be equal to, or less than, the intensity of the 
comparison field. If brighter, it attracts the attention. The intensity 
and color of this surrounding field do not seem to influence the accuracy, 
at least within wide limits. It should be illuminated uniformly and 
should be free from mechanical defects. 

Secondy there should be no mechanical flicker in the comparison 
field itself. This is secured by keeping the optical system clean and 
so adjusting it that its focus is in space and not on a surface. The 
focus of the eye-piece lens, of course, should be on the plane of the 
opening through the ext(^riial field just referred to. 

Thirdy in securing a balance, the color flicker (as distinguished from 
the intensity flicker) should be reduced to a minimum by a proper 
regulation of the speed of alternation of the colors. 

Sensitivity. — Evidently the sensitiveness of this kind of photo- 
metric apparatus is a function of the speed of flicker, as with too high 
a speed the flicker will disappear before the so-called equality-of- 
illumination condition is reached, and at too low a speed the flicker 
will not disappear at all. The disk, therefore, should be rotated at 
the maximum speed at which flicker disappears. This speed is a func- 
tion of the degree of illumination. It may also depend on the 
observer. 

It has not yet been definitely accepted by photometrists that the 
cessation of flicker indicates ecpiality of brightness or some other con- 
dition. But experiments are still being carried on to test this, and 
the latest evidence seems to show that the flicker j)hotomet(T is a 
fairly satisfactory instrument w^herc sources with color differences 
comprised in the range of ordinary incandescent- lamps must be mea,s\ircd 
and wdicre the illumination on the photometer disk is fairly higli. If 
spectral colors are to be compared, say a red and a green, results with 
the fli(;ker photometer differ from those with a dirc^ct comparison 
method very materially and this problem is still unsettled. 

Aside from the theoretical objections to the flicker photometer, the 
use of the instruriKUit is somewhat fatiguing to the eye. Its great 
advantage lies in the method of handling the color clifFiculty. 

It is much better, however, to work with conditions of color match. 
To this end a number of mt*thods have been and are used to make 
possible the avoidance of color difference by jumping the gap once for 
all. Thus, if the standards are carbon lamps and it is desired to meas- 
ure tungsten lamps, some method should be used to calibrate tungsten- 
lamp standards and thereafter use them in place of the carbon lamps. 
If arc lamps are to be measured in terms of incandescent-lamp stand- 
ards, some method .should be found by which the color of the standard 



FILTER FOR INCANDESCENT LAMPS 


223 


can be altered in a known manner so that the resultant light matches 
the arc lamp in color. 


Crova Method 

Crova suggested an ingenious scheme which is known as the “ Crova 
method.” If two sources differ in color, then the curves showing the 
relative energy at different wave-lengths in the visible spectrum will 
differ but there will be some wave-length at which the ratio of energies 
will be the same as the ratio of the candlepowers of the sources 
taken as a whole. If, then, an absorbing screen is placed in the eye- 
piece of the photometer which transmits light only of that wave-length, 
the photometric comparison of the two sources can be carried on as in 
the case of the ordinary sources not differing in (^olor. 

Theoretically, such an absorbing screen would give correct results 
only for sources whose sptictral character was exactly like the first two. 
But it has been found experimentally that over ranges encountered in 
ordinary incandescent lamp work, such as the comparison of vacuum 
tungsten lamps against (carbon lamps, this method can be used without 
appreciable (*rror and has been used in at least one large factory. A 
screen whit*h transmits as little light as possible of wave-lengths other 
than 0.58 should be chosen for the range mentioned. 

An extension of this method, involving successive measurements’ 
through two screens, one a red glass, the other a green glass, has also 
been used. 

Blue Glass. — If measurements are made of a tungsten lamp against 
a carbon lamp, it is possible to find a glass of bluish tint which can be 
placed on iho carbon-lamp side of the photometer-head and so alter 
the character of the light reaching the screen that it matches very 
closely in color the light from the tungsten lamp. This blue glass 
screen (\an be calibrated once for all to deteriiiine its transmission and 
can then be used to cover the color range for which it is designed. A 
scries of such glasses of proper tint can be calii)rat(Ml so that measure- 
ments against a (carbon standard can be made with vacuum or gas- 
filled tungsten lamps or arc lamps. A recent extension of this idea is 
the use of colored filters containing solutions whose (;olor can be changed 
so as to take care of any color dilTcrcnce ordinarily encountered in the 
measurement of incandescent lamps. 

Filter for Incandescent Lamps. — A typical solution is as follows: 

Nickrl ammonium sulphate 50 gms. 

Ammonium sulphate ... 10 gms. 

Ammonia (0.90 gravity) .• 55 ce. 

Water to. ... , 1 liter of solution 

Dilute with water containing 10 gms. of ammonium sulphate per liter. 
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The solution should be used as fresh as possible because on standing it 
dissolves the glass of the containing vessel. Various concentrations 
of this solution in the proper kind of flat and parallel-walled glass 
receptacle will give a color match between a carbon lamp and a tung- 
sten lamp throughout the range from 3.5 down to about 0.4 watt per 
mean hemispherical candlejiower. Various precautions must be used 
in connection with the employment of such filters. 

The problem of color photometry is by no means settled. The 
nicest solution, if it were feasible, would be to have the question con- 
fined to the Bureau of Standards and have the Bureau furnish standard 
lamps of the desired color. But at the present time, so many standards 
would be required that the cost would be almost i)rohibitive. 

Spectrophotometry. — An entirely difTercnt branch of photometric 
work involves the determination of the relative radiant flux of various 
wave-lengths in th(‘ visible spectrum of a source. Here the spec^tropho- 
tometer j flays a role in the visible region similar to that of the radiometer 
or other cnergy-iiK^asiiriiig instrument in the infra-red or ultra-violet 
parts of the speeflrum. What is done is to compare, in a photometric 
field, light of one wave-length (generally, in practice, of an extremely 
narrow region of the spectrum) from one source with that from a stand- 
ard source, continuing this for all wave-lengths throughout the visible. 
The result for any given wave-length is a ratio of the luminous intensity 
of the OIK' source to that of the otluu' for the parti(ailar wave-length. 
But this is also the ratio of the radiant flux of tiiis particular wave- 
length of the oiKi source to that of the other, since the visibility, /ix, 
drops out. 

Tlie results are plotted in the form of a curve with ratios as ordinates 
and wave-lengths as abscissas. The distriimtion of radiant flux of the 
standard source is known, and if it is plottc'd and the values at the 
various wave-l(mgths mulliiflied by the ratios as dc'rived from the other 
curve, a third curve, the distribution curve of th(^ unknown source, 
showing the relative radiant flux, will be obtained. 

It should be emphasized that this use of the instrument gives only 
relative results. It is not as yet possible to measure the ac^tual candle- 
power of the luminous flux of a .particular wave-length, because no 
unit of candlepowc'r in red light, for instance, exists. Moreover, there 
is no accei)ted unit of candlepowcr in grec'ii light or blue light. In 
other words, while the pentam* lamp is accei)ted as a standard for main- 
taining the unit of integral or white light, as it is called, the intensity 
of the pentane in the red is not accepted as a standard for red light. 
Furthermore, if one were* to try to measure a red light against the 
integral light of the pentane, there is no generally accepted method, 
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no standardized method, by which to cany out the measurement. 
However, the spectrophotometer does give an idea of the quality of 
light and provides the most analytical method for determining this 
factor. This method should not he confused with the methods used in 
colorimeters, which will be discussed elsewhere. 

Physical Photometers. — Many attempts haye been made to find 
photometric; methods which would give results without making the eye 
the measuring instrument. Of course, the eye is the ultimate judge, 
but there is no reason why most of the work should not bo done by 
mechanical means, leaving the standardizing to the regular photometers 
using th(; eye. 

Radiometer. — The first thing which would naturally suggest itself 
in the search for a so-called physical photometer is some form of radiant- 
flux-mcasuring instrument, su(‘h as a radiometer, or bolometer, since 
what is to be mcasun;d is associated with radiant energy. But the 
trouble with the radiometer is that it does not differentiate between 
radiant flux manifested in green light, for instanc'e, and the same amount 
of flux radiatcnl in red. Suppose it were ]K)ssiblc, however, to make a 
filter or othcT a})Sor])ing device' w^hieii could be inserteel in the path of 
the light beam and which would act on each wave-length so as to.reduce 
its intensity to such an (‘xtent that it had the same relative value (;om- 
pared fo that of other wavc'-lengths as it has in a luminous way in 
affecting the' eye. In other words, considering the eiu^rgy curve of the 
source in the visible and the visibility curve, wliat is needetl is a filter 
which will act. on the various w^ave-lengths so as to produce the same 
relative effc'ct on the transmitted flux as would be obtained if these two 
(;urves were multiiflic'd together. Sevei’al investigators have claimed 
to ]m)duce such flltc'rs, ])ut they arc not yet used outside of the labora- 
tory. One of the difficult i(‘s of sTich an arrangement, i.e., a radiometer 
and filtc'r, is tlu* small amount of energy available for measurement in 
the ordinary source. 

Selenium. -- A i)roniising fiedd of resear(;h lies in an entirely different 
direction. For a number of years it has been known that selenium 
changes its electrical resistan(;(' when exposed to light, and many at- 
tempts to utilize this phenomenon in photometrj" have been made. 

Selenium occurs in the gray and red crystalline form, the gray being 
light-sensitive. It is mounted in a thin layer on insulating material 
in an evacuated bulb so that the surfac'e is protected from the effect of 
gases in the air. Such an arrangement is called a selenium cell. It is 
connected up in an arm of a Wheatstone bridge or used in conjunction 
with a potentiometer. A high-resistance over-damped galvanometer 
is used to measure the change in rcsisl’an(;e, the latter being high in the 
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dark and low in the light. Unfortunately, the relation between the 
candlepower of the light and the change of resistance is very complicated 
and is a function of the candlepower. Furthermore, the sensitivity of 
the cell for light of various wave-lengths is not uniform and the curve 
is not the same as the visibility curve of the eye. Hence, the cell is not 
satisfactory for use in ordinary photometric work. It can, however, be 
used for certain (^lasses of monochromatic comparisons, such as the 
comparison of a green and a red, in which case the sensitivity curve of 
the cell must be known. The cell is sensitive through a region extend- 
ing from 0.900m to less than 0.250m in the ultra-violet, and can be used 
to measure the transparency and reflectivity of glasses and mirrors 
throughout this range. 

Photo-electric Cell. — Of late years, the photo-electric cell has come 
increasingly into prominence as a photometric instrument. It is based 
on the principle that the alkali metals are the most sensitive of the metals 
to a phenomenon known as the photo-electric effect. The alkali, 
sodium or potassium for instance, is put in an evacuated bulb which 
contains a platinum ring, and the alkali and the ring are connected to 
wires sealed into the bulb so that they can be used as electrodes. The 
platinum is connected to the positive side of a battery having a voltage 
of 300, for instance. The negative side of the battery is connected to 
earth. The alkali is also connected to earth. Then there exists a 
difference of potential in the cell of 300 volts. If, now, the alkali is 
illuminated, it will be found that a small current flows in the wire 
connecting the alkali to the earth. The a(;tion is electronic and no 
attempt will be made to go into the theory. The current is quite small 
but can be detected by a galvanometer if the (candlepower is that of 
ordinary illumiiiants and the cell has a large area and the applied 
voltage is sufficient. If the alkali circuit contains a very high resist- 
ance, 10 or 100 megohms, for instance, and an electrometer is used to 
measure the drop across this resistance, the cell is stensitive to very small 
quantities of light, approaching those detectable by the eye. This cell 
is already being used in astronomical photometry. 

The sensitivity to different wave-lengths is not the same, and the 
cell has a sensitivity curve with a maximum out in the violet end of the 
spectrum. Hence, if used in work where there is a color difference, an 
absorbing cell with a transmission like the visibility curve of the eye 
would have to be used. A question equally important, if not more so, 
is the relation between the intensity of illumination and the current 
in the alkali circuit. Considerable work has been done recently on this 
relationship. For small ranges of illumination, cells can be made for 
which this relationship is lineaf; but for large ranges some question 
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still exists. In general, it may be said that physical photometry is still 
in an experimental stage. 

PROBLEMS IN PHOTOMETRY 

1. A photometer bench is 2 meters long. At one end is a lamp having a candle- 
power of 15 in the direction of the photometer. At the other end is a lamp having 
a candlepower of 30. How far from the first lamp must the photometer be placed 
to have the same illumination from both lamps? 

2. A photometer bench scale is 200 cm. between the lamp holders. If the 40 
candlepower point on the scale comes at 120 cm. from the left-hand holder, how far 
from this holder will the 20 candlepower p()int be? The 60 candlepower j)oint? 

3. A photometer bar is 250 cm. between fixed light sources. The center of the 
scale is marked 25 candlepower. Show how to compute the positions of other candle- 
power points so as to make the rest of the scale read directly in candlepower. What 
is the difference in candlepower corresponding to 1 cm. at the 50 candlepow'cr point? 

4. What is the total luminous flux from a lamp, assuming its candlepower to be 
uniform in all directions? 

5. A lamp and reflector sliow an average candlepower of 100 throughout a zone 
comprised between 25° and 35° from the vertical. What is the flux in lumens in 
this zone? 

6. An arc lamp is 50 feet from the center of a window in a house. The luminous 
flux from the arc makes an angle of 60° with the plane of the window, which has an 
area of 5 sq. ft. The arc has a uniform candlepower of 500 candles in all directions 
intercepted by the window. 

(а) What is tlie average illumination on the window in foot-candles? 

(б) What is the luminous flux in lumens incident on the window? 

7. The surface of a desk makes an angle of 30° with the direction in which a lamp, 
located 3 meters away, has a candlepower of 25. What is the illumination on the 
desk at a point corresponding to the given direction in lux and footr-candlcs? 

8. What is the candlefxiwer of a 200-watt lamp operating at 0.9 w\p.c. in the 
direction at which an illuminomcter, w'hose disk is 6 feet away, shows a scale reading 
of 5 foot-candles. 

9. In the use of lamps surrounded by globes, the maximum globe-surface bright.- 
ness allowable to avoid glare may be taken as 0.5 candles per sip cm. If the trans- 
mission factor of a spherical enclosing shade 13 cm. in diameter is 0.85, what is the 
lowest permissible mean horizontal candlepower of a tungsten lamp to be used inside 
this shade when the reduction factor of the lamp is 0.8? 

Note. — To solve this problem, reduce to lambcrts and then back to candlepower. 

10. A lamp 2 meters away has 200 candlepower in a direction making an angle 
of 60° with the vertical from a picture. If the reflection factor of the painting is 
20 per cent in a direction 30° from the normal, what is the brightness of the painting 
in that direction in millilamberts? What is the brightness of the glass covering the 
painting if its reflection factor in that direction is 10 per cent? 

11. A piece of white blotting paper has a reflection factor of 0.8. In using it to 
calibrate an illuminomcter, it is set 100 cm. from a standard lamp the candlepower 
of which in the direction normal to the paper is 20. What will be the brightness in 
millilamberts in any direction within the zone 45° above and below the normal, 
where perfect diffusion may be assumed? What will be the brightness in candles 
per sq. cm. within the same zone? 
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12. The lamp of a street liglit is 10 feet from the ground. What is the brightness 
of a spot on the pavement when viewed at an angle of 30° from the normal, at a 
distance of 100 feet from the base of the lamp post, the caiidlepower in the direction 
of the spot being 200, and the reflection factor of the pavement being 0.2, assuming 
perfect diffusion? 

Note. — t Reduce from foot-candles to milliphots and get millilamberts. 
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CHAPTER IV 


PHYSIOLOGICAL OPTICS 

[P. W. Cobb] 

General Structure of the Eye 

The eye as an optical instrument is not essentially different from a 
photographic camera. The eyeball is nearly spherical (Fig. 81) and its 
walls are composed of three layers or coats: (1) The outer coat, called 
the sclera, is fibrous in character and is the supporting structure of the 



eyeball. Its visible portion, in front, is known as the white of the 
eye.^' At the forward pole of the eyeball it becomes clear, and has a 
shorter radius of curvature than elsewhere. This" portion of the outer 
coat is called the cornea, and is the first refracting surface of the dioptric 
system. (2) The choroid coat is composed chiefly of blood vessels, and 
lies just within the sclera, separating it frohi (3) the retina, the sensitive 
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surface which receives the light-impression, and which is composed 
principally of three sets of nerve-cells with their fibres, connecting with 
the brain through the optic nerve. 

The lens supplements the cornea in the refractive system, and is an 
elastic, transparent body, contained between two thin, fibrous layers 
known as the lens-capsule. Under the action of a ring-shaped muscle, 
the ciliary muscle, the tension on the capsule is altered, and the result 
is an increase in curvature of the front surfacie of the lens, by which the 
eye is focused or accommodated for nearer objects. The iris is the 
diaphragm of th(' eye, and lies touching the front- layer of the lens- 
capsule. Both iris and ciliary muscle are to be looked upon as special- 
ized portions of tiie choroid. 

Refractive Apparatus of the Eye 

The spaces within eyeball are all fill(‘d. The anterior and pos- 
terior (diambcrs, betwetm tlie cornea and the lens-ca]^sule, and separated 
by the iris, are filled with a wahay substance, known as the aqueous 
(or aqueous humor, in the older terminology). The remainder of the 
eyeball, its chief bulk, is filled with a trans])arent, jelly-like material 
known as the vitreous, the vitreous body, or the vitreous humor. 
These media havci a rc'fractive index, 1.830, very nearly that of water. 

Hefrac^tion takevs place in th(' eye ai- three surfa(‘('s: at the cornea, 
and at the ant(*rior and post(‘rior kms-surfac-es. As the cornea is of 
uniform thickness it does not, of itself, significantly modify th(' (*ourse 
of light passing through it, and (Ik* refraction at its surface is taken as 
that due to a surface of the acpK'ous of ecjual curvature. Thus, while 
the cornea has an index of 1.877, its effective* ind(;x is 1.330. 

The lens is not uniform in its refractive ind(‘x, hut is d(‘nser at the 
center and less dense in its sn])erfieial portions. A homc^geneous lens 
of the same dinumsioiis and optical properties would have an idex of 
refraction of 1. 187. It must be remembered that llie k'lis is “ immersed” 
in media having a r(‘fractiv(^ index of 1.33(), and that- its refraction is 
thereby correspondingly reduced. 

The dioi)tric system of the eyci is then defined by the following average 
dimensions : 


JIeFK A Cri NG SUHFACES 



Radius of 

Refractive 


Curvature 

Index 

Cornea 

. . . . 7.8 mm. 

1.377 (equivalent 



1.336) 

Aqueous 

. . . . 

1.336 

Lens, anterior surfjiee 

Lens, posterior surface 

. . . . 10.0 mm. 

6.0 mm. 

j 1 .437 (immersed) 
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In accommodation for near objects, the radii of curvature of the 
anterior and posterior surfaces of the lens change to 6.0 and 5.5 mm., 
respectively. 


Distances Interval 

Cornea to anterior lens surface. . . 3.6 mm. 

Cornea to posterior lens surface . . 3.6 mm. 

Cornea to retina 14.6 mm. 


From Cornea 
3.6 mm. 
7.2 mm. 
21.8 mm. 


The size of the image on the retina may be computed in Any case by 
a simple proportion, if the distance of the object, d, and any dimension, 
a, of the object, projected on a plane normal to the line of sight, are 
known. The corresponding dimension, x, in the image is given by the 
proportion : 

d :a = 15.5 mm. : x. 


Adjustments of the Eyes 

There are comj)cnsations whi(;h make the best of the optical defects 
of the eye. A(r(^ommodation, brought about by the ciliary muscle, 
has already been mentioiKid. Tlie eye comes qiii(^kly to the adjust- 
ment of sharpest focus for the objecd- lookcal at. The pupil contracts 
somewhat with the chaiigo from far to near in accommodation. It is 
not (piite clear what jHirposc this contraction serves. In general, re- 
ducing the size of the light-pencil tends to reduce the adverse effect 
of the various refractive errors. Further, the pupil reacts quickly 
to an iiuTcase in light, by contracting in size, and conversely by 
dilating in dim light ; it thus protects the eye from sudden flooding 
with light, and permits the entrance of mon* light where the illu- 
mination is so low and vision is in consec^uence so dim that the 
refractive errors are of small relative importance. Maximum dilata- 
tion takes plac.e slowly in very dim light or in the dark, and is slowly 
regained after a flash of light. Over a wide range of light-intensities, 
the pui)il will in a short time resume its so-called physiological size of 
3 to 4 mm. diameter, when the light is kept constant, and the change 
in the size of the pu})il is consequently transient and only a partial 
explanation of the power of the eye to adapt itself to various bright- 
nesses. 

The most stiiking and important adjustments of the two eyes, 
which go far to offset their optical defects, are those which result from 
their rapid and ac(;urate shifts in direedion. ' The two eyes, taken 
together, perform these turning movements every time there is a shift 
in vision from one object to another. The axes of the eyes then shift 
so as to intersect at the new fixation point, be it near or far, and what- 
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ever its direction from the person seeing. These movements are 
brought about by two sets of six small muscles each. These muscles 
arc attached to the eyeball (Fig. 82) and are housed within the bony 
eye-socket or orbit They are incessantly active during waking hours, 
perhaps more active than any other muscles of the body, except the 
heart. The nerves which supply them with impulses to contraction 
are miudi larger in proportion than for any of the other body muscles. 
It requires only a moment’s thought to sec what accurate coordination 

is required of these muscles 
and the nc^rve centers which 
control them, and what an 
enormous amount of activity 
they go through in the course 
of the day’s work. Indeed, 
the failure of these muscles 
and nerves to function pro- 
perly is the basis of a large 
and important chapter in 
ophthalmology. 

The lighting engineer will 
do well to think of the eyes 
as almost continually in mo- 
tion. Experimental study 
has madc‘ it appear that the 
stops or j)aus(*s (fixations) of 
tli(^ eyes in raj)id work last 
only a small fraction of a 
second. Thus it becomes 
important that the lighting 
shall be such as to make 
possible an effective impression upon the retina in a very short time. 
Otherwise the impression will be inadequate, the eye-mus(^les will have 
extra work thrown upon them and become more rai)id]y exhausted, 
the work will be slow, and mistakes will be frecpient. 

The Structure of the Retina 

The retina is a i)art of the nervous system, and its structure must be 
studied as such. This study will not be difficult if one remembers 
that the unit of whicdi the nervous system is built is the neuron, which 
is a nerve-cell plus the nerve-fibers which are a part of it. Some of 
these fibers, the dendrites branch out like a tree, usually close to the 
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cell, and carry nervous impulses toward the cell. There is one other 
fiber, called the axon or axite, whic^h is very long in some cases, and 
which carries impulses away from the cell, usually branching out at 
its extreme end. While the fibers of the neuron are continuous with 
its cell, communication from one neuron to another is by contact only, 
the terminal brush ” of one axon coming into contact with the den- 
drites, or with the cell body, of the next neuron in the neural path. 
Such a junction is called a synapse. 

In the retina there are three sets of neurons to be considered. Be- 
ginning at the peripheral extreme (remote from the brain), the end 
organs which first respond to the aedion of light arc the rods and the 
cones (Fig. 83, II), highly specialized endings which represent the 
dendrites of the first set of neurons of the retina (i^, Fig. S3, II, III). 



Fkj. S3. Mi(Toscoi)ic Structure of the Retina. 


An intermediate s('t of neurons, the bipolar cells (Fig. 83), connect 
these with the ganglion cells (/i, IX, Fig. 83) whose separate axons 
pass over the imuT surface of the retina to collect at the “ nerve-head 
where they collectively form the oj)ti(; nerve, through which the nerve 
impulse is finally carried to the brain. Certain other cells (By Fig. 
83, 4, 4) called the horizontnl cells, seem to <^*onnect different parts of 
the same level of the retina, which appeiy’s also true of another variety 
of cell lying wholly within the retina, the amacrinc cells (By Fig. 83, 1) 
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which apparently have no axon but simply branch out among the 
synaptic connections of the second and third neurons. 

It must be remembered that the retina is so disposed that the stimu- 
lating light passes directly upward in the figure, so that all the struc- 
tures must be traversed by it before the sensitive rods and cones are 
reached. 

The proportion of rods and cones varies in different parts of the 
retina. At the fovea, the point of direct and clearest vision, there are 
cones only, over an area of about 0.5 mm. diameter. Outside this the 
rods begin to appear, the cones becoming larger and less frequent, 
and the rods more numerous in the more remote portions, but no part 
of the retina is free from cones. 


Changes in the Retina due to Light 

Certain changes in those structures have betm found to take place 
under the influence of light. There is a layer of cells containing dark 
pigment lying next to the layer of rods and cones (/, Fig. 83) which, 
under the influence of light, extend forward (toward tlie light) forming 
delicate pignuuited i)artitions between th(^ individual rods, as though 
to insulate them against light, one from tlui oth(u\ At the same time, 
the cones move toward the light, and away from this movement of 
the pigment. 

Further, in the rods, there has been found a light-sensitive material 
known as visual purple. If an animal is kei)t in the dark for several 
hours and then killed, the retina, when removed, is found to have a 
deep purple color, and to bleach rapidly when exposed to daylight. 
The retina from an eye recently exposed to strong light shows no such 
color. By suitable means, the visual purple may be extracted from 
the previously darkemed ndina, and bleaches in solution, just as the 
darkened retina does, under daylight. 

The Functions of the Retina. — It is quite obvious that one can see 
at any instant much more than the object looked .‘it directly. The 
field of vision may be mapi)ed out by having the (\ve fixed on a point, 
with the other eye well covered, and moving a small object, white or 
colored, to find how remote it may be from the fixation point and still 
be visible. In this way, it appears that a normal eye has a field of vision 
which is (juite extensive. With one eye alone, objects may be seen 
about 100° outward from the fixation-point, downward 70°, inward 
60° and upward 50°. Th\is the two eyes have a combined field of some 
200° extent horizontally and 120° vertically. The outlying portions 
of the field do not, it is true, afford distiiKjt vision, but appear to be 
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highly sensitive to movement. Only the center has the power of 
interpreting fine detail. Color is not seen near the limits given — a 
fact which may possibly be related to the relative scarcity of the cones. 
Blue and yellow are recognized only over an area considerably smaller 
than stated. Red is seen over a still smaller area, and green has the 
most restricted field of all. It may in general be. said that the outer 
portions of the retina have chiefly the function of giving notice that 
'' something is there.” One^s reaction to this is to turn the eyes, and 
possibly the head, so as to bring the image upon the more central parts 
of the retina where its details and colors can be better seen. 


Color-vision 

The questions of the why and the how of color-vision are founded 
on comparatively few facts drawn from the anatomic study of the eye, 
and on a large number of facts elicited in the study of its functions, and 
have developed into an enormous amount of literature c.onsisting largely 
of some scores of various color-vision theories, differing in some points 
but being in great measure restatements of the identical facts in differ- 
ent terms. 

There is every reason to think that the functions of the rods and of 
the cones are sharply differentiated. [Xk. basis of this is the distinct 
difference between the behavior of vision at low and at high, int^nsitif^a^ 
of light . \ In dim light there are three things noticed : first, the eye be- 
(jomes tCxally unable to dislinguish colors; st^cond, the very center of 
the retina, where there arc only cones, is relatively blind under dim 
light; third, there is the Purkinje effect, that is, the fact that the 
luminosity of the spectrum is difl'erently distributed, in that the formerly 
red (long-wave) rays cease to affect the eye at all, the blue (short- 
wave) coming to predominate, so that the brightest part of the spec- 
trum has shifted toward the short-wave end. This is to be taken in 
connection with the fact that the visual purple is found in the rods 
only, and that when it is extracted from the retina, the power of the 
different spectral energies to bleach it is exactly in proportion to their 
power to excite the eye at vcjry low intensities. Furthermore, there is 
a type of color-blindness in which the eye behaves exactly as the normal 
eye does at low intensities : it fails to differentiate color, is relatively or 
wholly blind at the very center of the visual field,, and is sensitive to the 
various parts of the spectrum in the same way as the normal eye at low 
intensities. 

These facts may be explained by the supposition that the rods are 
excited at light-intensities too low to e*xcitc the ednes, and that the 
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cones are the organs which mediate all the phenomena pertaining to 
the color sense. In the case of the type of color-blindness referred to, 
it is only necjessary to suppose that the cones do not function under any 
circumstances. This phase of the theory of vision is spoken of as the 
duplicity theory {duplicitdts-theorie) or the theory of dual function, and 
the form that vision takes at low intensity is called twilight vision, 
night vision, or scotopic vision. The facts of the (^ase do not in any 
way contradict what is to be said of vision at high intensities, spoken 
of as day vision, daylight vision, or perhaps best as pho topic vision 
siiKje it takes place under artificial light as well as under daylight. 

Photopic vision has several phases, among whic^h the question of 
color- vision is not the least interesting. There have been for years 
two theories, or better, two types of theories, of color-vision extant. 
These may be classed as three-component theories, and as theories of 
antagonistic colors, respectively. 

The first, class is still repr(\sented by the thc^ory of Young and Helm- 
holtz, originated over a hundred years ago, which supposes three 



Fig. 84. Color Curves. 

modes of response in the eye, not anatomically identified, but corre- 
sponding to three fundamental color sensations — rvd, green and blue. 
Figure 84 (solid lines) may be regarded as indicating the degreii to 
which each wave-length of the spectrum has the }:)ower to excite these 
separate processes. Tlie curves were fleduced from a long series of 
experiments in the mixture of lights from the various jiarts of the 
spectrum in accordance with the following hypothesis: A portion of 
the spectrum included between any two ordinates, excites the three 
processes in proportion to the three included areas under the three 
curves respectively; a mixture* of two such portions, as the three sums 
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of the areas; and two mixtures will match when the three sums — for 
the red, green and blue curves — are equal each to each. Thus the 
curves are a condensed statement of the facts of color mixture. Further- 
more, over certain parts of the spectrum, one color may be mixed with 
some other color to form white. The curves are so drawn that in such 
a case the sums of the red segments, the green segments and the blue 
segments are all ecjual. Two such colors are said to be complementar>\ 
Thus the extniitie red of the spectrum has a complementary in the 
bluish-green at wave-length 0.490-0.495 /i, while the extreme violet has 
a complementary in tlie greenish-yellow at wave-length 0.565-0.570 /x, 
the mid-region of the spectrum between these limits being unique in 
having no (complementary in the spectrum. To complement it, two 
lights from the two end regions of the spectrum would have to be 
mixed. 

So far, no mention has been made of a group of phenomena which 
are of gneat imi)ortance in (connection with the theory of vision. This 
grouj) includes the phenomena of contrast and the phenomena of 
after-imag(\s. 

Contrast is notic'cd in a typical form when two different surfaces 
are seen in cl()S(' juxtaposition. Thus, a small piece of gray paper 
looks light(U* when plac(cd on a bla(‘k surface, darker on a white. When 
placed on a colored surface, in general it takes on a tinge of the com- 
plementary color; e.g., on red it looks giwnish-blue, on yellow bluish, 
etc. This is known as simultamcous contrast. There is also an effect 
known as successive contrast.; the appearance of an object is influ- 
enced in a similar way after looking at white, black, red, yellow, etc. 
An extreme cas(c of succ(cssive contrast is the after-image. After one 
has gazed intent ly at a well-lighted pattern, the pattern will be seen 
wlien tlie ('y('s are shifted to a uniform fiedd; it will be seen, in general, 
in brightness and in color negative and (jomplementary to those of the 
original patt('rn. 

According to llehiiholtz, the phenomena of successive contrast and 
after-imag(‘s arise from une(pial fatigiK* of the color processes in the 
retina, so that subseciiumtly the unfatigued components react more 
strongly undc'r equal light. Hence th(* appearance of the comple- 
mentary colors. SimultaiK'ous contrast effects Helmholtz attributed 
to the “ psychic ” ))rocc\ss of judgment, considering them quite analo- 
gous to the apparcujt nnluction of stature of an ordinary man when 
seen alongside a giant. These exidanations ha\ e' lacked much of being 
satisfactory; a fact which l(‘d to a sec^ond type of theory of color vision, 
known as the theory of antagonistic colors. • 

Hering, the originator of this conception, took the ground that the 
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opposed or antagonistic (complementary) colors were attributable in 
some way to the breaking down, under the influence of light of certain 
wave-lengths, of a certain visual substance, and to the building up of 
the same substance under light of other wave-lengths. Thus, he sup- 
posed that red (e.g.) is due to the fact that a certain substance in the 
visual apparatus is chemically changed in some way by the red rays 
of the spectrum, and that when the red light is withdrawn, the change 
tends to reverse itself, resulting in a sensation of green. This would 
occur in some such manner as a muscle, when it is working, uses up a 
certain amount of its substances, which is automatic^ally restored while 
the muscle is subsequently at rest. Thus, there is the green after- 
image, and successive contrast in the direction of green. Tiering 
further postulated that the action of red light on a (jcrtain part of the 
visual apparatus, in breaking down the corresponding visual substance 
in one part of the visual apparatus, called forth at the same time an 
increased building up of the same material in other j)arts, in this way 
explaining simultaneous contrast in the direction of green. The follow- 
ing scheme indicates the way in which this theory interprets the various 
color sensations, im^luding white and bhuik. In physiologi(!al terms, 
the breaking down of tissue substance is referred to as dissimilation 
or katabolism, the building up as assimilation or anabolism. 


Phase 


Sensory effect 


Breaking down, 

1 

2 

3 

dissimilation, or 
katabolism 

Building up, 

lied 

Yellow 

V 

White 

assimilation, or 
anabolism 

1 Green 

Blue 

Black 


These three hypothetical components of the visual process are re- 
ferred to as the red-green substance, the yellow-blm* substance and the 
white-black substan(;e. 

liven though not accepting this theory in its original form and tying 
up the opposed or complementary color processes with the physio- 
logical construction and destructiop of tissue substance, as this view 
of color-vision does, one is compelled by the facts to group the various 
visual qualities — the (H)lors, in(;luding white, black, etc. — in some 
such way. This implies that- the colors of the opposed pair are antago- 
nistic or incompatible in the sense that they cannot coexist. It is pos- 
sible to see red and green at once, or yellow and blue at once, but not 
in the same place. A reddish-green or a yellowish-blue is unthink- 
able — the two cancel each other just as acid and alkali cancel each 
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other in the same solution, usually leaving an excess of one or the 
other, but not of both, the two having offset each other’s characteristics 
in forming a neutral salt. In the case of the mixture of antagonistic 
colors, the mutual cancellation results in a gray, or in a color resem- 
bling one or the other of the components with an admixture of gray, 
greater or less according to circumstances. 

By way of summary, it is to be said that these twb theories have 
been descTibed as being typical, and each as representing a certain 
group of facts. The three-component theory, originally proposed by 
Young, and developed by Helmholtz and his followers, takes account 
of the experimental facts of color-mixture and of certain facts noted in 
cases of color-blindness; while the theory of antagonistic pairs of 
colors is based primarily on other groups of facts, those relating to 
after-images and to contrast. It would thus be difficult to give prefer- 
ence to one of those views to the exclusion of the other. It is rather to 
be said that a complete account of color- vision is less simple than 
either, and will have to include as much of botli theories as is essential 
to the facts. 

Lighting and Vision. — An important question, which has not in the 
past been as well understood as it should bo, is: ‘‘What determines 
the amount of the light-flux a(‘(ing upon one element of the retina, say 
upon one rod or u[)on one cone?” 

Obviously, this amount of flux is proportional to the illumination 
upon the retina. If one thinks of a small part of an image upon the 
retina, this part will be described by stating its area and its illumination. 
It is due to a certain light-flux which enters the pupil and which comes 
from that part of a surface, outside the eye, which is so imaged. For 
the eye, any suc^h clement of surface, forming part of the object seen, 
is essentially a source of light and may be treated as siudi. It has a 
certain brightness, h, which, multiplied by its radially projected area. 
As, gives the lumiiunis intensity of the clement in the direction from 
which the brightness has been measured.* If the eye is at a distance 
r, the illumination at the eye due to the element s will be ; 

E = bAs ■ \ 

r2 


^ The photometric terms used iiere, notably tlie terms luminous flux, luminous 
intensity, illumination and brightness, and the corrcsporlding concepts have been 
defined (pp. 105-170, 174). The significance of the discussion which follows rests 
upon a clear understanding of what is meant by thegc terms, and notably upon the 
difference between illumination and brightness, wliich, as different things, are 
on no account to Ixj confused. * • 
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and the flux reaching the retina: 


F = 5As • p • k 

where p is the area of the pupil measured in air and k is the fraction of 
the flux which rea(;hes the retina owing to absorption by the eye media. 
This flux is distributed over an area As' on the retina, which is the 
image of As; hence the illumination at the retina is 


= h- 


72 


If z is the focal length of the eye, 


and by substitution: 


E'.^b 


in which k and I arc constants for any eye, and p is the diameter of the 
pupil, constant for all parts of the retina at any instant of time. There 
follows the proposition: 

The illumination at any point upon the retina is directly proportional 
to the brightness, measured in the direction of the eye, of the surface 
imaged at that point. 

Let the reader tak(^ a [)icce of mirror, a i)iccc of (‘lean white blotting 
paper and a piece of the same blotting paper soaked in ink and dried, 
and place these tliree side by side on a table top under a good and 
uniform illumination. He will find that the brightruiss of a surface 
depends not only uj)on the illumination, but also upon the character 
of the surface illuminatc^d, whether it reflects a large or small fraction 
of the incident light (comparing the white and the darkened blotting 
papers) and upon the character of the reflection, whether it is diffuse 
as in the case of the blotting papcir, or direc^t (sp(icular) as in the case 
of the mirror or, as in most practical cases, something partaking of both 
characters, as a glossy pajier or polished woodwork. It is only in ex- 
ceptional cases that the brightn(\ss of a surface can be readily calculated 
from the illumination. More oft(*ri, the only way to know the bright- 
ness is by measuring it directly from the direction of the eye, which 
in most cases involv(^s a fairl^^ simple photometric n)easurfiment. 

Imagine the eye (or less accurately the two eyes) at the center of a 
spherical surface, upon which any visible point in the surroundings 
can be radiall}^ projected and located as to meridian and departure 
from the line of fixation;* and in addition specify for each point the 
brightness (and color) of the element of the field so projected. This 
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comprises a complete account of the surrounding conditions as they 
affect vision. While these data depend upon illumination, they are 
not illumination data but brightness data; and if they are unfortunately 
difficult, in any case, to derive from the illumination, and bear a wholly 
different rehition to the illumination in different sorts of work and in 
the case of different sorts of visual objects, the engineer must bear in 
mind that they are nevertheless the data upon which the performance 
of the eyes will depend, and as such arc of the very first importance 
in lighting. 

When the conditions that affect the eyes have been defined in photo- 
metric terms, that is, in terms of brightness^ and when a certain under- 
standing of the intensity of the stimulus acting upon any portion of 
the retina has been arrived at, th(i analysis of the phenomena of vision 
must go further, and show how the facts of vision depend upon the 
intensities of stimulation so expressed. With a given brightness before 
the eye, and (^onseciuently with a given illumination or flux density 
uf)on the retina, what follows in vision? Or, in other words, what 
does one actually sec? 

It is found at once that tlierc is no sim])le one-to-one relation between 
photometric brightness and its visual appeararu'e, in spite of the simple 
relation Indwcen briglitiK'ss and the intensity of retinal stimulation. 
This may be understood at once by considering the simple fact that an 
object, such as a printiHl page, when examined under the lowest illu- 
mination iit wliich it is easily read has just about the same appearance 
as undcu' the highest illiiinination that can be used with comfort. Direct 
sunlight furnish(‘S an illumination stated as 0000 to 10,000 foot-candles, 
diffused daylight- from bright, clouds only a fraction of this, and 2 or 3 
foot-candles makes reading fairly easy. 

Knowing that the* ink has perhajis ^^5 to refleudion factor of 

the paper, simple* arithmetic will show that the ink under some of 
th(\se conditions has actually a higher brightness than the paper has 
under others. And yed- under all these conditions the ink constantly 
looks black and the paj^er constantly white. 

Operation of the sa-iiie principle in the opposite sense takes place in 
numerous simple experiments. For example, two small pieces of gray 
paper, placed one upon a sheet of white, the other upon a shend of black, 
will appear dark and light respectively when compared with each other. 
That is, the same brightness will look different under different con- 
ditions. This ex[)criment may’^ be varied in many ways, and incident- 
ally applies to apparent color as well as to ap!)arent brightness. The 
following is a general statement of the facts: an object of certain 
brightness and color tends to appear altered in a sense opposite to the 
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visual appearance of the background or adjacent areas — it will appear 
darker on a lighter background and vice versa, and will tend to take on 
a color complementary (antagonistic) to that of the. juxtaposed area. 
This effect is mutual between any two areas: each one reacts upon the 
other. It is greater, the greater the area which induces the contrast, 
so that in the (;ase cited the effect appears to be limited to the small, 
completely surrounded field; and it is greater, the closer the juxta- 
position, so that in a closed field, the effect is sensibly at a maximum 
with a limited area of background. 

This phenomenon of contrast, instead of being a laboratory curiosity, 
or a mere '' optical illusion,’^ is an expression of a quite fundamental 
fact of vision, which is always present. Its result is the approximate 
constancy of appearance of objects under widely varying changes in 
the lighting, and it becomes evident in a startling way under certain 
specially devised conditions, such as those of the experiments described, 
which are not commonly encountered in the ordinary use of the eyes. 
This fundamental may be somewhat more briefly stated by saying that 
the visual organs have a tendency to refer brightness and color to a 
standard which is some sort of a mean of the field, and that vision is 
therefore a relative measure of brightness and (^olor, with a compara- 
tively feeble power of absolute judgment. The importance of this for 
the survival of the individual, speaking from the evolutionary stand- 
point, will be recognized when one reflects that he is primarily interested 
in interpreting, not light-intensities at all, but objects under widely 
varying intensities and colors of illumination. 

Furthermore, this relativity of vision, which one may speak of as 
compensatory or adaptive in character, is only approximate and by 
no means mathemati(;ally exact. It obviously breaks down at ex- 
tremes; in twilight illumination, and on the other hand at dazzlingly 
high illumination, objects no longer appear as they do under that wide 
intermediate range of illuminations which afford fairly clear and com- 
fortable vision; and even within this range, c.areful experimentation 
shows that vision behaves differently at different levels of light intensity. 

The Limits of Vision. — In complete harmony with what has just 
been said is the fact that the least difference in brightness which can be 
perceived (differential threshold) is not a constant but is more nearly a 
constant fraction of the brightness itself. This fact is spoken of as 
Weberns Law and it is true, within limits, not only for vision but for 
other senses as well. For vision the fraction is stated as 1 per cent, 
so that, in general, two brightnesses which are in the ratio of 1 to 1.01 
will appear as just different. The values obtained for this fraction 
are somewhat diverse and depend upon the manner in which the bright- 
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Fig. 85. B^ightne^ss-DifTe^ence Threshold as a Function of the Ratio of 
Field Brightness to that of Suirroundings. 
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nesses are presented to the eye, upon their extent in the visual field, 
and upon various other details of the experimental technique. A very 
complete sc^t of such results obtained years ago gave the critical differ- 
ence as about 1.7 per cent, nearly constant for various brightness 
levels over a fairly wide range, and increasing above and below this 
range. On the other hand, under different conditions of experiment, 
the fraction may fall as low as 0.5 to 0.7 per cent (Fig. 85). In this 
connection it is to be remarked that the (contrast sensitivity of the eye 
is seriously reduced if the areas compared are seen on a background 
much brighter than themselves; or, more generally, if a relatively 
large light-flux enters the eye from other directions, as from a light 
source within the field of vision; and also to a minor extent if the fields 
compared are seen on a much darker background. That is to say, the 
question is thus compli(iated by the contrast conditions of th(' (experi- 
ment, in addition to the extreme absolute brightness or dimness of the 
observed fields and the other incidental conditions enumerated above. 

It will appear that the contrast sensitivity of the ey(' is the important 
factor in photometry. The disadvantage of viewing the photomc^tric 
field on a dark background, as it. is ordinarily seen when looking into 
the tube, is probaldy offs(it by ccrta,in advantages gairicul by that 
arrangement. On the other hand, the photometrist should, if possible, 
sec that the working field of his instrument is neitlu^r at. too high nor 
too low a brightness to give the most sensitives settings. The final 
test of the sensitivity is, of course, the reproducibility of his settings 
under identical conditions as indicated by the prol)able error computed 
from a series of readings. 

There is an absolute limit to the sensitivity of the eye for brightness. 
The least brightness visil)le in the dark (absolute threshold) is in a high 
degree dependent upon the recent exposures of th(' eyes to light. On 
coming into a dark room from bright light the thr(\shold is found to be 
a progressively diminishing quantity, reaching a final minimum in the 
course of one hour or so. Its initial value has been found to be as much 
as 1500 to 8000 tim(\s this ultimate minimum. This is cpiitc^ in line 
with the well-known temporary inability to sec' in dim light, which 
one might say is due to the relative blinding effcjct of the brightness 
from which the eyes have just come. However, to speak of it as 

blinding may I)e misleading, since it is a condition better adapted 
to vision at those higher brightnesses than is the dark-adapted state 
which follows a stay in darkness. The return to the light-adapted 
state is much more rapiclly effected than the change from light- to 
dark-adaptation. 

The engineer sh(i)uld consider these facts in lighting practice, and 
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avoid conditions which involve sudden alterations in illumination, as 
in going from a brightly lighted room into a dimly lighted passageway, 
or turning from a brightly lighted machine to find a tool in a dimly 
lighted place. Such conditions are productive of delays in the progress 
of work and may lead to accidents, easily avoidable by well-considered 
lighting. 

The smallest visible object is measured by its visual angle, that is, 
by the angle it subtends at the eye. The well-known ophthalmologists^ 
test card is a series of lines of different-sized letters, each of which is 
designated l)y the distance at which it subtends a standard visual 
angle. Thus, the letters of the 20-foot line subtend 5 minutes in 
height at 20 feet, and the width of each stroke of the letter sul)tends 1 
minute. The letters of the 40-foot line subtend the same angles at 
40 feet or twice these angles at 20 feet, and so on for the other lines. 
Usually the series begins at the top with a single 200-foot letter, and 
runs something as follows: 120, 80, 60, 40, 30, 20, 15, 10 feet. Visual 
acuity is recorded as a fraction, the numerator of which is the actual 
distance of the subject from the test card, and the denominator the 
nominal distance of the smallest line that is legible at that actual 
distance. Thus, V = 20/30 means that the subject just reads the 
30-foot line at 20 fciet. Although 20/20 is considered normal in prac- 
tice, many persons test 20/15 and some as high as 20/10. The one- 
minute standard (20/20) is therefore rather to be looked upon as pass- 
able than as the normal. 

It has beem estimated that one retinal cone in the center of the retina, 
where ck^ar seeing takes place, corres])onds in size almost exactly to 
the opti(^al image of an object subtending one minute angle in the visual 
field, and the “ limit of resolution ” of the eye has been thought to 
depend upon this fact. While this may be true with sufficient light, 
it must be remembered that in dim light the least visual angle is much 
greater than this, and tliat visual acuity is a value which for a given 
eye increases with the liglit intensity. Furthermore, it must not be 
forgotten in this connection tJiat in any image-forming optictal system 
a point in the object is r(?prcsentcd in the image, not by a point, but 
by a very small diffusion circle. The effect of this fact is that while 
the relation which was shown to exist between the brightness of the 

object and the flux-density at the retina ^ holds very well 

for larger areas it breaks down when, as in the case of normal visual 
acuity, the size of the image comes to be of the same order as the size 
of the diffusion circle. In such a case the image cannot be treated as a 
reduced counterpart of the object, but becomes very much blurred in 
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outline and therefore correspondingly reduced as to contrast. Visual 
acuity involves two facitors, the geometric image-forming power of the 
eye as an optical instrument, and certain physiologic properties of the 
retina which arc less well understood. 

The pupil of the eye reacts by a contraction in size with increase 
in light-intensity and a dilatation with decrease. The effect of the 
size of the pupillary ojxuiing is two-fold. First, it results in a relative 
change in the illumination of the retinal image, nearly proportional 
at all points. This favors the retina by the resulting momentary 
partial compensation of sudden (^hang(\s in the (external light conditions, 
until the eye can adapt itself to tlu^m. Obviously it can have little 
effe(;t on vision by contrast, since this is principally a relative matter, 
as has been seen. It would, however, have a tendency to modify the 
least brightness percejjtible, whi(*h would obviously have to be in- 
creased in proj)ortion if the pupillary area were to l)c artificially reduced 
without otherwise disturbing the eye. 

A second effect of the })U})illary size is to modify the sharpness of 
the image. This works in two ways. Owing to the wave-nature of 
light, the diameter of the diffraction pattc'rn whi(‘h is the image of a 
point is smaller the largcu* the npe^rture. And on the other hand, a 
larger pupil permits more' of the irregularities in the refracting surfaces 
of the eye to participate in the refraction, and th(' image of the point 
is thereby increased in size. As a matter of faft, where the refractive 
errors of the eye aie larger than normal, a (contracted pupil increases 
visual acuity; whereas with eyes possessing what may be called good 
vision an optimum visual acuity is obtained when the pupil is of 3 to 
4 mm. diameter, where the compromise between these two factors is 
evidently the best. This n'sult appeared from a series of experiments 
on visual acuity with artificial pupils, and it is interesting to note that 
this is about the size the pupil ordinarily takes, except under rather 
extreme conditions. 

Up to this point the limit of vision has been discussed from two 
standpoints: first, the “ intensity threshold, the least brightness or 
brightness differen(c(i which will determine a nesponse; and second, the 
least size (visual angle). There, is i tliird factor involved: the time 
that a stimulus must act to be effective (time threshold). 

It should be evident without further explanation that every object 
which is visible, or better, every image which makes an effective im- 
pression upon the retina, (1) must be diffca-entiated from its back- 
ground by a certain amount, (2) must covct a certain area of the retina, 
and (3) must endure for a certain period of time. In the case of con- 
trast the fact wa» mentioned that the threshold for brightness differ- 
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ence depends upon the areas compared. In the measurement of the 
least visual angle, as with the letter-chart described, the contrast is 
high, being of the grade induced by black ink on white paper under 
equal illumination. If the ink be reduced to a pale gray, thereby 
reducing the contrast, the smallest legible letters will be larger than 
in the case of the black ink. 

In neither of these cases has the time of action of the test object 
been considered. It has been supposed to be made adequate for easy 
observation on the part of the subject. Indeed, it is fair to suppose 
that beyond a very few seconds, there is no increase in the probability 
of a given object being seen by further increase in the time of exposure, 
provided the eye is initially in a state of adjustment for the conditions 
and docs not undergo furtlu^r adaptive or other adjustment. If how- 
ever, the action-time of tlie test object be reduced to a fraction of a 
second, such as 1/8 or 1/40, the case is different. The same object, 
just visible with leisurely observation, will becjome invisible and will 
have to be increased either in size or in point of (contrast to become 
again distinguishable. It has been established, approximately at least, 
that within certain limits there is a reciprocal relation among the 
three, brightness (or contrast), size and time, such that if one be 
decreased one of the others must be increased in proportion in order 
that the object shall, in both cases, be just at the point of visibility. 
The limits that have been stated are: in size, up to 2° in the visual 
field; in time, up to al>out g second. 

The importan(;e of the time factor will be evident from certain facts 
that have appeared from tlic study of the eye-movements. It is only 
exceptionally that the eyes rest upon any object for a length of time. 
In rapid work such as in reading, the eyes do not glide along the line 
of print as it is read, but jump along, making a few stops, perhaps 
two to seven in an ordinary line, the movements each occupying a few 
hundreths of a second and the pauses from 0.07 to 0.25 second. It 
is during these pauses only that an effective impression upon the retina 
can be nuule, and thus it would appear that for rapid work of any kind 
there is a fairly definite lower limit of stimulation-time determined 
by the possibilities of the muscles and of the nervous system upon 
which they depend. It is probable that the eyes, as well as the hands, 
may be so trained in a series of predetermined movements, such as a 
routine factory or office operation, that they will execute their proper 
movements in less time than has been shown experimentally. It is 
not known, however, how far this mechanical limit of the ‘‘ natural ” 
exposure time of the eyes may be reduced by practice. 
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Injtiries from Radiation. — Two undoubted forms of injury due to 
radiation may be encountered in practice. They are characteristically 
different, although in some cases resulting from identical exposure, 

1. Blinding from too strong light, as in looking at the sun or other 
light source of high brightness. This may also result from exposure 
to an elec^trical shor.t-cir(;uit flash of high energy, as in a power house, 
and has afflicted mountain climbers in the snow-fields at high altitudes. 
The blinding may be transient or may last for several hours, or may 
result in octilar disturbance persisting for weeks. 

This disturbanc(3 would seem to have its seat in the retina and to be 
due to th(3 visible radiation exclusively. The ultra-violet and the 
infra-red rays have been shown not to penetrate as far as the retina, 
except in extremely limited sp(3ctral regions adjacent to the visible. 

2. Ophthalmia electrica is a painful inflammatory disturbance of the 
conjunctiva, the mucous membrane which covers the front of the eye- 
ball and lines the lids. Its onset is usually delayed until some hours 
after exposure. It begins with pricking and burning sensations in the 
eyes and extreme sensitiveness to light. Pain follows, accompanied 
by swelling and the discdiarge of pus. In th(3 course of ten days or so 
the eyes return to normal. Mild cas(3s do not reiich the extreme state 
described, going no further than the y)ainful condition, and recovering 
over night. A similar condition may affec.t the exi)osed skin. This 
has been called dermatitis electrica and is quite similar in (character to 
sunburn of a corres])onding degree. 

These disturbances follow exposure to radiation rich in ultra-violet 
light, su(di as electric power-flashes, arc lamj^s, (piartz-mercury lamps, 
etc. They are effectually prevented by a lay(‘r of glass (such as an 
ordinary spectacle lens) between the body surface and the source, as 
the glass absorbs the extnime ultra-violet rays. Furthermore, these 
affections arc very superficial in character, sinc.e the ultra-violet rays 
arc not able to penetrate far into tlu' tissues. 

Contrary to opinions which have been expressed, ordinary light 
sources, as they are actually used, do not constitute a danger to the 
eyes from their ultra-violet (3ont(uit. As a matter of fact, daylight, 
under not unusual conditions, contains far more ultra-violet radiation 
than the light from any artificial sourcre as used in lighting. 

There is no evidence that the infra-red rays have resulted in injury. 
At least, no (iiaracteristic disea.se has been discovered in the many 
years that large numl^ers of men have been employed in iron and steel 
mills and in other occupations where they are exposed to the infra-red 
radiation in large amounts. This is probably for the reason that the 
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immediate heating effect of the infra-red is painful and is an unmistak- 
able warning which leads the individual to protect himself at once. 
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FUNDAMENTAL PRINCIPLES OF ILLUMINATION 

[Ward Harrison] 

The Light Distribution Ciure 

Pictorial Representation. — Figure 86 represents a common method 
of showing the manner in which the candlcpower of a unit measured at 
different angles can be recorded. The value at any angle represents 
the average candlepower of the source at that angle as the source 
rotates about its vertical axis. A dustribution curve is a grapliical — 



Fig. 86. The Area of a Distribution. Curve is not a Criterion for .fudging Light 
Output. These Two Curve.'! Represent hiquul Light Outputs. 

A — Distribution Curve of a Lamp in an Opal Gloljc. 

B — Same Lamp in a Reflector. 

not a pictorial — representation of the light distribution from a source, 
although its general shape might convey the contrary impression. It 
is simply a convenient engineering method of presenting tabulated data 
graphically. 
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The area of a distribution curve is not a criterion of the total amount 
of light emitted by a source. In Fig. 86 both curves shown are taken 
from units giving exactly the same total lumens with different distribu- 
tions of candlepower; although Curve B appears to represent much 
more light than Curve A, the amount of light given off is the same in 
each case. 

Interpretation of Mean Spherical Candlepower. — Another common 
error in regard to distribution curves is to assume that simply taking the 
arithmetical average of the (^andlcpowers at different angles as shown 
on the distribution (;urve will give the mean spherical candlepower of 
the unit represented. To make the true relation clear, assume that a 
May-pole is set up at the middle of a hemispherical hollow and that one 
girl carries a streamer making an angle of 45 degrees with the vertical 
and another carries one making an angle of 15 degrees with the vertical. 
Owing to the contour of the ground about the pole, both ribbons will 
be of the same length. Now, keeping the candlepower distribution 
curves in mind, assume that tiie top of the pole is the light source under 
consideration and that the length of each streamer represents the candle- 
power in its particular direction. It is obvious that in order to make 
one revolution about the pole, the girl holding the 45-degree streamer 
must travel a much greater distance than the other. In other words, 
she makes a bigger contribution to the general effect produced by the 
May-pole. In fact, because of the greater circle she must describe, she 
has to do 2.7 times as muen work as the girl carrying the 15-degree 
streamer. In the erroneous use of a distribution curve just referred to, 
only the length of the ribbon is taken into consideration. From the 
analogy it is apparent that the zone of travel of the ribbon, or the com- 
plete zone in whi(;h the candlepower at a given angle is effective, must 
also be taken into account. Just as with the May-pole illustration the 
girl taking the 45-degree cir(d(' does 2.7 times as much work as the girl 
in the 15-degree cirede, so the quantity of light (luminous flux) necessary 
to maintain an intcuisity of one candle throughout the 45-degree zone 
forms 2.7 times as big a part of the total light output of the lamp as the 
quantity of light recpiired to maintain one c;andle at 15 degrees. In 
other words, the farther up from the vertical and toward the horizontal 
the candlepower shown on the distribution curve, the more weight it 
must be given as regards its contribution to the total quantity of light 
emitted by the source. 

Flux Computation. — In computing the total flux of light in various 
zones, it is usually found convenient to calculate for zones of 10 
degrees. Considering a uniform source of 1 candlepower contained in a 
sphere having a 1-foot radius, and divijiing the surface of this sphere 



252 FUNDAMENTAL PRINCIPLES OF ILLUMINATION 


into 10-degree zones, Fig. 87, it is evident that since the intensity of 
light on all parts of the surface of this sphere is 1 foot-candle, the number 
of lumens falling within any zone is numerically equal to one times the 
area of the surface of that zone in square feet. 

Lumens = foot-candles X square feet. 

Again, if one places in the sphere a source whose candlepower dis- 
tribution curve shows an average of 18 candlepower in the 80-90 degree 
zone, then the total lumens emitted by the source in that zone equals 



A 



VT 











Fia. 87. Surface of Sphere Divided into lO-Depree Zones. 


18 times the area of the zone in square feet- In other words, to find the 
lumens emitted in any zone when the candlepower is known, multiply 
the average candlepower directed into that zone by the area in square 
feet of that zone on a sphere of 1 foot radius. Table XXX, page 253, 
gives the areas of these zones (the multiplying factors) for each 10 
degrees. 

To use these factors with the curve of any light unit, take the candle- 
power at 5 degrees and multiply it by the 0-10 degi-ee factor to obtain 
lumens in the 0-10 degree zone; take the candlepower at 15 degrees and 
multiply it by the. 10-20 degree zone factor to obtain the lumens in the 
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10-20 degree zone, etc. The total lumens for any large zone, for ex- 
ample in the lower hemisphere, is the sum of the lumens thus deter- 
mined in all of the lO-degrec sections. 


TABT.E XXX 
Areas of Zones 


Zone 

Area uu Unit Sphere 

0°-10° 1 


0 0954 

10°-20° 

160"-170° 

0 2S3 

20°-30° 

150°-J6()° 

0 463 

30°-40° 

140“-150° 

0 628 

40°-50‘* 

130 ‘’-140° 

0 774 

50°-60° 

120°" 130° 

0 897 

60°-70° 

110°-120° 

0 992 


100°- 110° 

1 058 

80°-90° 

1)0°-100° 

1 091 


Illumination Computation. — In (consequence of the Inverse Sc^uare 

Law, if light rays are i)erpcn(licular to the plane of ilhirnination, E = 

where E is the illurniiiaiion, J the candlepowor of the source in the 
direction of the plane, and d the dis- 
tance from the source to the plane. 

Where the rays are not perpiuulicu- 


lar the formula becomes E= - 


1 (‘OS OC 


(/2 


where oc is the anghc between the 
rays and the normal to the ])lane 
and d is the distance from the sourcce 
to the point on the i)lane intercepted 
by the rays in cpiestion. If the 
plane be horizontal and h is the dis- 
tance of the source above the plane, 
then 

d = — ^ — (Fig. 88) 


cos oc 


and 


E = 


I X cos^ oc 



Fi(.'. 88. Illumination cm Surface Not 
at Right Anglos to Light Rays. 


Table XXXI, page 255, gives values for qc and ^ for various heights 
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(feet) of a lamp above the plane and for horizontal distances (feet) from 
a lamp, when / = 1. 

Candlepower Distribution Curves. — The calculation of illumination 
intensities in accordance with the formula just given, commonly known 
as the point-by-point method, required that the candlepower of the 
source at various angles (oc ) should be known, and to this end the use 
of the polar-distribution curve was generally adopted. The greater 
simplicity (and a(^(;uracy) of the lumen method of computation has 
resulted in the point-by-point method falling into disuse so far as inte- 
rior lighting is conc.erned, and (listribution curves are now employed 
principally for comparing the suitability of reflectors for use in a given 
location from the standpoint, parti(;ularly, of light distribution and 
light absorption. 

Reflecting and Diffusing Media. — The light from a bare lamp is 
distributed in such a manner that under most conditions it cannot be 
employed effectively without the use of reflectors or enclosing glass- 
ware. Such a(^cessories should not only direct light which would other- 
wise be ineffective into useful angles, but should serve the additional 
purposes of modifying the brilliancy of the source and diffusing the light 
to prodiKiO a soft and pleasing illumination. 

Three systems of lighting are commonly employed. They are usually 
termed direct, indirect and semi-indirect. In the so-called direct-light- 
ing system, the unit distributes the light downward into the room; in 
the indirect system, all of the light is thrown upon the ceiling and thence 
reflected into the room; in the semi-indirect system, a greater part of 
the light is thrown upon the c*eiling but some of it passes through the 
bowl and directly into the room. 

In each of these systems, various reflecting surfaces and transmitting 
media are used, and a knowledge of the ac^tion of such surfaces and 
media in the utilization of light is necessary to a proper selection of 
equipment. 



He^ht of Unit above Plane. 


REFLECTING AND DIFFUSING MEDU 


TABLE XXXI 

Angle Between Light Ray and Vertical, and Intensity of Illumination in 
Foot-candles on a Horizontal Plane Produced by a Source 
OF One Candle-power 


Horizontal Distance from ITnit, Feet 


8 O^O' 
015030 


10 0 “ 0 ' 
010000 


11 0 * 0 ' 
008260 


12 0 * 0 ' 
006940 


13 0“ 0' 

005020 


14 O^O' 
005100 


15 O'^O' 

004440 


16 0°0' 

003910 


17 O'* 0' 

003460 


18 0“ 0' 
003090 


19 0° 0' 

002770 


20 0 ” 0 ' 
002500 


21 O^O' 
002265 


22 0 “ 0 ' 
002005 


23 0“ 0' 

001890 


24 0* 0' 

001736 


I 25 O'* 0' 

001600 


002420 

002360 

002280 

002190 

8" K' 

10" 47' 

13" 24' 

15" 57' 

002200 

002150 

002095 

002014 

7° 46' 

10" 20' 

12" 48' 

15" 15' 

002010 

001903 

001915 

001852 

7“ 20' 

9" 52' 

12" 10' 

14" 37' 

001841 

001807 

001703^ 

001711 

7" 7' 

9" 30' 

11 "46' 

14" 2' 

001695 

001062 

001628 

001582 

6“ 51' 

9*5' 

fl" 19' 

13" 30' 

001565 

001540 

001508 

001470 



Height of Unit'above Plane, Feet 
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TABLE XXXr 

Angle Between Light Ray and Vertical, and Intensity op Illumination in 
Foot-candles on a Horizontal Plane Produced by a Source 
OF One Candle-power. — Continued 


IIorizoFital Distaiire from I'lut, Feot 



9 

10 

11 

12 

1.3 

14 

15 

1 16 

17 

18 

4 

66“ 2' 
004 J 90 

68“ 12' 
W13200 

70“ r 
002490 

71 "34' 
(K)1980 

72“ 54' 
(K)1590 

74“ 3' 
001300 

75“ 4' 
001070 

75" .56' 
000900 

76" 46' 
000750 

77“ 30' 
000640 

5 

60“ 57' 
004580 

63“ 26' 
003580 

65“ 34' 
002830 

67“ 25' 
002280 

68“ 58' 
001850 

70“ 21' 
001.520 

71", 34' 
001260 

72" .39' 
001060 

7.3" 37' 
000900 

74“ 25' 
000770 

6 

66“ 19' 
004740 

59“ 3' 
003780 

61“ 23' 
003050 

63“ 26' 
002490 

66" 13' 
0020.50 

66" 48' 
001700 

68" 12' 
001420 

69" 27' 
001200 

70“ 34' 
001020 

71 "26' 
000880 

7 

52“ 7' 
004730 

55" r 
003850 

57“ 31' 
003160 

59“ 45' 
002610 

61" 41' 
002180 

63“ 26' 
001830 

64 “.59' 
001540 

66" 23' 
001310 

67“ 37' 
0011.30 

68 “45' 
000070 

8 

48“ 22' 
004580 

61“ 20' 
003810 

53“ 59' 
003180 

50" 19' 
002670 

.58" 24' 
002250 

60“ 15' 
001910 

61 “.55' 
0016.30 

6.3" 26' 
001400 

64“ 48' 
001210 

66“ 2' 
001050 

9 

45“ 0' 
004370 

48“ 0' 
003700 

50“ 42' 
003140 

53“ 8' 
002670 

.55“ 18' 
002280 

57“ 15' 
001960 

59" .3' 
001680 

00" .38' 
001460 

62" 6' 
001260 

63" 26' 
001100 

10 

41“ 59' 
004110 

45“ 0' 
003540 

47“ 43' 
003050 

50" ir 
002630 

52“ 26' 
002270 

54“ 28' 
001960 

.56" 19' 
001710 

.58“ 0' 
001490 

.50“ .32' 
001300 

60" 67' 
.001150 

11 

39“ 17' 
003830 

42“ 16' 
003350 

45“ 0' 
002920 

47“ .30' 
002550 

49“ 46' 
002230 

51“ 50' 
001950 

53“ 45' 
OOJ7IO 

.55" .30' 
001.500 

.57“ 0' 
.001320 

.58“ 34' 
001170 

12 

36“ 52' 
003560 

39“ 48' 
003150 

42“ 31' 
002780 

45“ 0' 
1)02460 

47" 17' 
002170 

49“ 21' 
001910 

51“ 20' 

00 1690 

,5.3“ 8' 
001500 

.54“ 49' 
001330 

.56“ 19' 
001190 

13 

34“ 42' 
003290 

37“ 34' 
002950 

40“ 14' 
002630 

42" 44' 
002350 

45“ 0' 
002000 

47“ 6' 
001870 

49“ 5' 
001660 

.50“ .54' 
001480 

52“ 36' 
001.330 

.54“ 10' 
001190 

14 

32“ 44' 
003040 

35“ 32' 
002750 

38" 9' 
002480 

40" 37' 
002230 

42“ .53' 
002010 

45“ 0' 
001800 

46“ .58' 
001620 

48" 49' 
001460 

.50“ 31' 
001310 

52" 7' 
001 180 

15 

30“ 58' 
002800 

33“ 42' 
002560 

30“ 15' 
002330 

.38“ 40' 
002120 

40“ ,55' 
001920 

43“ .3' 
001710 

45“ 0' 
001570 

46" .51' 
(H)1420 

IS “.34' 
(K)l 290 

.50" 11' 
mi70 

16 

29“ 23' 
002590 

32“ 0' 
002380 

34“ 30' 
002190 

,36" .'i2' 
(K)2000 

39" 6' 
001830 

41“ 10' 
001670 

43" 9' 
001.520 

45" 0' 
001380 

40” 45' 
001260 

48“ 22' 
001150 

17 

27“ 51' 
002.390 

30“ 28' 
002220 

32“ 51' 
002050 

.35“ 13' 
001890 

37" 24' 
001740 

39“ 29' 
001.590 

41“ 25' 
001460 

43" 16' 
001310 

45" 0' 
001220 

40“ 38' 
001120 

18 

26“ 34' 
002210 

29" 3' 
(H)2060 

31 " 26' 

m 02 () 

.3.3" 42' 
001780 

.35“ 49' 
001650 

,37“ .52' 
001520 

39“ 48' 
00140:i 

4 1 “.38' 
001290 

43“ 22' 
fKlllOO 

45" 0' 
001090 

19 

25“ 21' 
002050 

27“ 45' 
001920 

30“ 4' 
001800 

32" 17' 
001670 

34" 23' 
001560 

.36" 23' 
(K)14.50 

.38“ 17' 
001340 

40" 6' 
001240 

41 “49' 
001 1.50 

43" 27' 
001060 

20 

24“ 14' 
001900 

26“ 34' 
001790 

28“ 49' 
.001630 

30“ 58' 
001. *>80 

33" 2' 
001470 

35“ 0' 
001.370 

36" 52' 
001 2S0 

38" 40' 
001190 

40" 22' 
001110 

41“ .59' 
001030 

21 

23“ 12' 
001760 

25“ 28' 
001668 

27“ 39' 
001575 

29“ 43' 
0014.35 

ru “ 46' 
001394 

33" 42' 
001306 

3.5" 32' 
001222 

.37" 19' 
001140 

39" 0' 
001065 

40“ 37' 
000992 

22 

22“ 15' 
001637 

24“ 30' 
001553 

26“ .34' 
001477 

28“ 35' 
001398 

.30“ .35' 
001.318 

.32“ ,36' 
001240 

.34“ 17' 
001139 

.36“ 5' 
001088 

.37" 42' 
001023 

.39“ 20' 
000056 

23 

21 “22' 
001525 

23“ 30' 
001456 

25“ 35' 
001386 

27“ .34' 
001316 

29“ 29' 
001246 

31 “ 21 ' 
001177 

3.3“ 6' 
001111 

34" .50' 
001045 

36" 28' 
000984 

,38" 3' 
000923 

24 

20“ 33' 
001425 

22“ 35' 
001365 

24“ 38' 
001302 

26“ 35' 
001240 

28“ 27' 
001180 

.30“ 15' 
001118 

32“ 0' 
001059 

.33“ 40' 
001000 

35" 19' 
000943 

36“ 50' 
000800 

25 

19“ 48' 
001332 

21“ 48' 
001280 

23“ 45' 
001226 

*25“ 39' 
001171 

27“ 29' 
001117 

29" 15' 
00106.3 

30“ .58' 
fX)1009 

32" 38' 
000955 

.34“ 13' 
000005 

35“ 46' 
000855 
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Principles of Light Control 

A ray of light will travel along a straight line indefinitely until it 
is modified or redirected by some agency. Such modification may be in 
the nature of absorption by the medium through which it passes or by 
the object upon which it impinges. This is noticed when a beam of 
light passes through a smoky atmosphere, through a piece of smoked 
glass, or meets a black opaque body. In these cases, a part or prac- 
tically all of the light loses its identity as such and is converted into 
heat. A second form of modification is termed refraction. Refraction 
is a bending of the ray of light due to its passing from one transparent 
medium to another of greater or less density, as, for example, from 
air to water or from air to glass. A very common instance of refraction 
is the apparent bending of a fish line at the point where it enters the 
water; as a matter of fact, the line is straight but the light rays coming 
from that part of the line which is under the water are refracted when 
they pass from water into air. A third form of modification of a ray 
of light is refleciiorij which is the throwing back or redirection of the 
ray by a surface, much as a tennis ball is stopped and redirected when it 
comes in contact with a racket. A fourth form is diffusion , which is the 
breaking up of the beam and spreading of its rays in all directions by 
the medium through which it passes or by the surface upon which it 
falls. By controlling these four methods — absorption, refraction, 
reflection, and diffusion, it is possible to make the light from any source 
perform practically as desired. 

In screening and redirecting light, three classes of substances are 
used: iransparentj translvcrnly and opaque. Transparent substances 
transmit a large fraction of the light striking them without scattering 
it, hence objects may be seen clearly through transparent plates. Tmns- 
lucent substances transmit, light, but scatter it so that the outlines 
of objects cannot be clearly seen through them. Opaque substances 
transmit none of the light, but it is either reflected or absorbed. Sub- 
stances differ widely in these properties, varying from almost perfect 
transparency to complete opacity. All substances, whether transparent, 
translucent, or opaque, absorb a certain proportion of the light rays 
incident upon them, and the radiant energy so absorbed tends to raise 
the temperature of the substance. 

Reflecting Surfaces ^ 

Polished Metal. — The simplest form of reflection is that which 
takes place when a ray of light strikes a polished-metal surface. As 
indicated in Fig. 89, a ray of light having a direction sa on striking a 



TABLE XXXII 
Characteristics of Ma 



(A) Smooth side toward light soiirce. 

(B) Roughed on side toward light soiirce. 
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polishcd-metal surface is reflected in the direction ab, so that the angle 
Y (called the angle of reflection) is equal to the angle X (called the angle 
of incidence) and practically no light is reflected in other directions. 
This is called regular reflection. It will be seen, therefore, that it is 
possible to redirect light traveling in a given direction into any other 
desired direction by means of such a surface properly placed. When it 
is considered that the schoolboy by means of a pocket mirror or piece of 
polished metal can take the beam of sunlight that comes in at the 
window and redirect it with remarkable accuracy to any place in the 
room, the general principle involved is seen to be simple. While all 
polished-metal surfaces reflect light in the manner described, they do 

4 



Fio. 89. — Reflf'ction from Polished Metal. 


not reflect it in like amounts. For instance, if two beams of 100 lumens 
each fall respectively on a polished-silver surface and on a polished- 
aluminum surface, the silver will reflect about 90 lumens and the alu- 
minum about 60 lumens. In other words, the silver surface will absorb 
only 8 to 10 per cent of the light while the aluminum surface will absorb 
about 35 to 40 per cent. All of the light falling on an opaque surface 
is reflected or absorbed by that surface. 

Polished metal reflectors are xiscd most extensively in equipment where 
they can he tightly covered to keep out dust, dirt, and tarnishing agencies, 
such as in automotive lighting equipment — as in headlights, spotlights, 
stoplights, etc. 

Chromium plated reflectors have a number of characteristics which 
make them desirable for commercial use. They may be finished dull 
or bright; they have a high, well-maintained reflection factor of about 
65 per cent, and they are not subject to tarnishing. 

Mirrored Glass. — Similar to the reflection characteristics of polished 
metal are those of mirrored glass. Figure 90 shows the path of a ray of 
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light striking the surface of a conunercial type of mirror with silvering 
on the back of the glass. A small part of the light is at once reflected 
by the polished surface of the glass without passing through to the 



Fig. 90. Reflection from Mirror. The Ui)per Third of the Beam is Directly 
Reflected from the Surface of the Glass, the Middle Portion from the Mirror 
Surface, the Lower Third Reflected as Shown in the Diagram. 


silvered backing; the remainder passes through the glass to the silver, 
from which it is reflected through the glass again and out along a line 
parallel to the ray reflected from the glass surface. The fact that most 

of the light has to pass through 
the glass both to and from the 
reflecting surface makes the sil- 
vered mirror, from a laboratory 
standpoint, a less efficient re- 
flecting surface than the polished 
silver itself. For instance, if 100 
lumens strike a mirror the reflec- 
tions and absorptions are of the 
following order of magnitude: 
10 are reflected by the front and 
back surfaces of the glass, 1 0 are 
lost by being absorbed by the 
silvered surface, 5 are absorbed 
by the glass, and about 75 lu- 
mens are reflected by the sil- 
vered surface, making a total 
output of 85 lumens. The loss in the glass depends, of course, on the 
quality of the glass. The^ deterioration of a polished-metal reflecting 
surface in service is, however, a factor which often more than offsets its 
higher initial efficiency. 



Fig. 91. Reflection from Fluted Mirror — 
the Flutes Divide the Beam into Seg- 
ments. 
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Polished Surface Reflector. — To obtain a desired distribution from 
a polished-metal or a mirrored surface, it is necessary that the contour 
of the reflector at each point be such that it makes equal angles with 
the incident ray at that point and the desired direction of light. For 
example, where parallel rays of light are desired, as in the case of auto- 
mobile headlights, the cross-section of the reflector will have to be curved 
so that the elements or infinitesimal planes of the curve each reflect light 
as a plane surface, in the desired direction. The resulting curve is the 
parabola (l"ig. 92). 

On the other hand, a reflector of hemispherical shape placed above 
the lamp, with its center coinciding with the light source, will not con- 



Fig. 92. Accurate* Light Control may he Obtained from Polished-rnetal or 
Mirrored Surfaces — Parabolic Rt^flector. 


centrate the light at all but will nearly double the candlepower at each 
angle in the lower hemisphere, since each ray that strikes the reflector 
is reflected back along the same line, through the source and into the 
lower hemisphere. 

Mirrored reflectors have the disadvantage that they usually throw 
brilhant images of the filament, or slriations, on the surfaces illumi- 
nated. In practice, tliese striations are often eliminated by fluting the 
reflector or frosting the lamp, with, however, some loss in the control 
of the light. 

In floodlights, show window reflectors, and motion picture projection 
machines, and in lighting cquijmient of the totally indirect type, much use 
is made of mirrored glass for the reflecting surface. 

Dull-finished Metal. — An unpolished metallic reflector can be 
considered as one which has many small polished surfaces making in- 
numerable slight angles with the contour. A velvet finish nickel surface 
or one coated with aluminum paint affords a good example. When a 
shaft of light strikes such a surface, the individual rays are reflected at 
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slightly different angles, but all in the same general direction. This is 
known as spread reflection. The spread of the reflected beam is de- 
pendent upon the degree of smoothness of the surface, the smoother 
^ the surface, the narrower the 

angle. When the reflecting 
i surface is viewed along the 
line ha, Fig. 93, no distinct im- 
age of the light source but only 
a bright spot of light is visible. 
Dull-fiiiish reflectors redirect 
the light with less concentra- 
tion than polished reflectors, 
but at the same time,- streaks 
and striations are largely elim- 
inated. The greatest objec- 
Fig. 93. Reflection from Dull-finish Sur- use of this type of 

face — Aluminum Paint. - a i • • t • 

surface for luminaires hes in 

the fact that they collect dust and dirt quickly and are therefore 

difficult to keep clean. 

The more common materials for this type of reflector are spun alu- 
minum and aluminum-finish metal. 

Light weight and low cost are characteristic of aluminum^finish and 
spun aluminum reflectors as used for spotlights, floodlights, desk lamps, etc. 

Rough or Mat-Finish. — If a sur- 
face is so rough that it has abso- - 

lutely no sheen, a beam of light / 

striking it will be reflected in all / 

directions. A twc)-inch square of / ^ 

asbestos, for example, when placed / \ N 

in the path of a beam of light, will / \5 J 

be equally bright, viewed from any ,,1 \ J 

angle. Even when the angle is such //; \ 




that the surface is apparently only / 

one inch wide, the surface looks just o s ® 

as bright as though it were at ri^t f ^ 

, r-- -ii Reflector has Relatively Little Effect 

angles to the hne of vision with on Distribution. 

twice as much area visible. It has 

the same relative brightness in all directions as though it were heated 
to incandescence. This is called diffuse reflection. 

Since light which falls ppon a rough or mat surface is reflected in all 
directions, it follows that the shape of reflectors with such a surface can 
have but little effect on the resulting distribution of light. In Fig. 94, 
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S represents a light source at the mouth of a rough-surface reflector aaa. 
The light distribution is the same when the reflector has the cross- 
section aaa, hbb, or ccc, for when the reflector is viewed from below, it 


simply appears as a white disk. 
However, if a contour such as bbb 
or ccc is used rather than aaa, there 
will result a needless absorption of 
light due to cross reflection; the 
light from S is utilized to better 
advantage with the shape aaa. 

It is more difficult to keep mat- 
finish surfaces clean than those with 
a glaze or polish and therefore such 
rough surface finishes are not widely 
used for luminaires. However, sur- 
faces such as plaster, kalsomine, and 
wallpaper have all of the characier- 
istics of mat-surface reflection; in 



Fig. 95. Reflection from Rough-mat 
Surface — Blotting Paper. 


fact when they are examined minutely they reveal an extremely rough 


contour. Most of the light received from the walls and ceiling of a room 


is by diffuse reflection. 



Aivjlc oF ir\i:idei\ce (degrees) 


Fig. 96. Reflection of Light from Clear Plate Glass, Angle Measured from Pei>* 

pcndicular as X, Fig. 89. ^ 


Clear Glass. — When a light ray strikes a plate glass vertically about 
4 per cent is reflected from its upper surface *and about 3 or 4 per cent 
from its lower surface, the remaining light being transmitted (approxi- 
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niately 85 per cent) and absorbed (5 to 8 per cent). When light strikes 
glass at an angle two phenomena occur: first, the percentage of light 
reflected from the upper surface increases markedly so that at 85 degrees, 
for instance, very little is transmitted, nearly all is reflected; second, 

light rays in passing through the glass are 
bent toward the perpendicular. Figure 96 
gives the percentages of reflected light for 
all angles of incidence. 

When a light ray passes from air to an- 
other denser medium, such as water or 
glass, all parts of the face of the light 
beam do not enter the medium at the same 
time (Fig. 97). 'Jims, the part of the beam 
at. / enters before the part r, and it is slowed 
up. As a consequence the wave is swung 
around or refract(id to the position B-C in 
the water. The extent of this refraction 
depends upon the ratio of the velocities of the light as it passes through 
the two media. 

Gloss Finish Paints. — Not infrequently i)lastered walls and similar 
surfaces are finished with a gloss or enanud i)aint, and as a consequence 
the collection of dust and dirt upon the surfaces is minimized. Such 
surfac.es have a noliceable sheen, that is, th(\y give bright reflections of 
the sun or other sourtH's of light.. For this r(*ason, their reflecting quali- 
ties are apt to seem similar to those of polished metal or at least like 
aluminum paint, rather than diffuse reflection. The specular reflection 
from such glossy surfaces, however, represents only a small part of the 
incident light. 

Painting with enamel paints is similar to putting clear glass over a 
mat-finislied wall. The light reflected from the glass would give 
brilliant images, but represents only 5 to 15 per cent of the total, the 
greater bulk of the reflected light being diffusely reflected from the mat 
surface beneath. 

White or Milk Glass. — White (loos(‘ly termed opal) glass finds con- 
siderable application in illumination, primarily to reflect or to diffuse 
light. The properties of white glass may be most readily understood 
if it is regarded as ordinary glass in which fine white particles are held in 
suspension. When a ray of light strikes a piece of white glass, 10 to 15 
per cent of it is reflected at once from the polished surface of the glass 
without entering the glass at all, the remainder traveling through the 
glass until it strikes the w!iite particles whence it is dispersed in all direc- 
tions, some of it being thrown back and reflected, as shown in Fig. 98. 



Fra. 97. Diagram of Light 
Beam Subject to Befraction. 
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If any light ray passes through the glass without striking a white 
particle, it goes out in a line parallel to the one along which it entered. 
When this occurs, the white glass is not completely translucent, and if, , 


♦ 



Fi<i. 98. Reflection and Transmission by White or Milk Cilass. 


for example, it is in the form of a globe, the outline of the lamp fila- 
ment would be seen more or less clearly. This condition would be 
present even though only one per cent of the light passed through 
unchanged, as shown in Fig. 99. 



Fig. 99. Transmission and Reflection of White Glass (very light sample). 

When it is desired that the reflecting qualities predominate, a very 
dense white glass should be chosen, that is, one which transmits not 
more than 10 to 15 per cent. Such a glass would probably absorb 15 
per cent, and reflect 65 per cent. If diffusion is the main objective, as 
in the enclosing-globe type of luminaire-, the glass should have a maxi- 
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mum transmission without revealing the outlines of the light source. 
This limits the transmitted light to about 50 or 60 per cent. A totally 
^enclosing white-glass ball may, however, have an over-all output as 
high as 85 per cent, for while only 55 per cent of the light coming from 
the lamp may be transmitted directly through the glass, sufficient light 
may come from the interior by cross reflection to bring the output up 
to 85 per cent. 

This may be explained as follows: Assume a source of 100 lumens 
placed in the center of a glass sphere as shown in Fig. 100. Assume 



Fic. 100. Spherical White-glass Unit. 


that the glass transmits 55 per cent of tlu' light, absorbs 10 per cent, 
reflects 35 per cent. Then since 50 lumens strike the upper half of the 
sphere, 271 lumens would be transmitted, 5 lumens absorbed, and 17^ 
lumens reflected to the lower half of the sphere. Of these IT-J lumens, 
in the same way, 9.6 lumens are transmitted, 1.7 absorbed, and 6.2 
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again reflected upward. Of these 6.2 lumens, 3.4 are transmitted, 0.6 
absorbed, and 2.2 reflected. The 50 lumens of the lower half of the 
sphere are distributed in the same manner. If the calculations are 
carried out far enough it will be found that the transmitted light for 
each half is about 42.5 lumens, making a total output of 85 per cent. 
The values are given in the table on the previous page. 

Two-piece glass units are frequently made with the upper section 
larger than the lower section, and the upper section made of denser 
glass to reflect a maximum amount of light downward. A unit of this 



Fig. 101. Dense iind Light White-glass Unit (see next page). 

character may similarly be investigated. Assume that the upper 
section is about twice the size of the lower and is of dense glass which 
absorbs 15 per cent, transmits 20 per cent, and reflects 65 per cent, the 
lower section being of lighter glass of the characteristics of Fig. 100. 
The source is again 100 lumens. Of the 50 lumens going to the upper 
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half, 10 lumens are transmitted, 7.5 absorbed, and 32.5 reflected down- 
ward. Since the section at A is open and is about half the area, 16.2 
liunens pass on out. The other 16.2 lumens enter the lower hemisphere 
where, because of the light density of the glass, 8.9 lumens are trans- 
mitted, 1.6 absorbed, and 5.7 reflected again to the upper half of the 
unit. Of the 50 lumens of the lower half, 27.5 are transmitted, 5 are 
absorbed, and 17.5 reflected to the upper zone. By following the cal- 
culations through, it may be seen that the transmitted light through 
each of the hemispheres added to the light that comes out at A, totals 
about 80 per cent, for the over-all output of the glass. 

In this manner the effect of variations in the quality of glass, shapes 
and sizes of luminaires, and other factors and characteristics of glass- 
ware may be studied and demonstrated. 

Two important advantages make white glass a very desirable reflector 
material. These arc: (1) its smooth surface minimizes the collection 
of dust and permits easy cleaning; and (2) the glass transmits a portion 
of the light, which renders the reflector luminous and thereby adds 
materially to its appearance. These two advantages are largely respon- 
sible for the wide use of white glass for illuminating purposes. 

White glass is used for o'Pen reflectors, serni-cnvlosing units, for enclosing 
luminaires, and for semi-in direct units for schoolrooms, offices, general 
commercial application, and for certain types of industrial luminaires. 

Contour of white-glass luminaires is a less important factor than in 
the design of mirrored-glass reflectors, and is determined largely by 
the appearance desired. In semi-indirect lighting one of the main ad- 
vantages of using white glass is in the possibility of reducing the bright- 
ness of the light source so that it is comparable with its surroundings; 
care should be taken in the selection of such units, particularly for 
offices, schoolrooms, and the like, to choose a sufficiently dense glass. 

Porcelain Enamel. — In the familiar enarneled-mctal reflector, the 
surface, so far as its optical characteristics are concerned, can best be 
considered as a plate of white glass in optical contact with a steel back- 
ing. The glass must be very dense so that as little light as possil^le will 
pass through, for all the light that penetrates to the steel backing is 
absorbed, and therefore wasted. Porcelain enamels vary considerably 
in efficiency; if of two reflectors one appears gray in comparison with 
the other, it is sure to be considerably lower in efficiency. Figure 102 
shows the characteristic reflection of a porcelain-enameled surface on 
steel. 

Probably the first thing that is noticed in Fig. 102 is the beam of 
regularly reflected light, ^his is simply specular reflection from the 
glazed surface, andf as in the case of white glass or glossy paint, does 
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not ordinarily amount to more than 5 to 15 per cent of the incident 
light. By far the greater proportion is diffusely reflected as shown and 
therefore porcelain-enamel reflectors are subject practically to the same 



Fkj, 102. ■Reflection })y Porcelain-Enameled Steel. 


design limitations as were outlined in the discussion of rough or mat 
reflecting surfaces. 

Reflector designers have frequently been deceivfHl, by the shininess 
of porcelain enamel, into believing that light would be as readily con- 
trolled by it as by a mirror, and they have consequently often been 
disappointed in th(^ results. 

Poj'celain-cnamcl steel rejieefors find their principal nse in industrial 
lighting, where the advantage of efficiency, rnggedness, and permanency of 
reflecting surface ore important. 

Frosted Glass. — Frosted-glass transmission characteristics may be 
compared to the reflection characteristics of an unpolished metal surface. 
Figure 103 shows the direction of a beam of light striking glass, one 



Smooth Side toward beam. Frosted Side toward Beam. 

Fig. 103. Reflection and Transmission by Etohed Class. 
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surface of which is smooth and the other surface sand-blasted or rough- 
ened with acid etching. Some of the light is, of course, reflected from 
the glass as is shown in the figure, but most of it goes through the glass 
and as the individual rays strike the rough surface they are partially 
dispersed. 

Etched glass should be used to give a spread transmission of light 
rather than as a good reflector. It is of little value except for enclosing 
units. Unless a frosted-glass surface is of a very fine texture, it accumu- 
lates dirt rapidly and is difficult to clean. 

A recent tendency in illuminating engineering has been to make use 
of stippled or pebbled glass which has tlie diffusing characteristics of 



Fig. 104. Characteristic Distribution of Clear Rippled (or Pebbled) Glass — 
Smooth Side toward Hearn. 

sand-blasted glass without the same difficulty of cleaning. Glasses of 
this character are especially valuable where it is desired to transmit 
light without greatly changing its direction, such as in the outer globes 
of street lighting units. 

Prismatic Refractors. — On page 264 it was shown that when a light 
ray enters a glass surface obliquely, it is bent toward the perpendicular. 
The reverse occurs when it leaves, as though the ray were coming up 
from the water in Fig. 97, moving away from the perpendicular. As 
has been stated, a ray of light passing through a flat plate of glass will 
leave in a line parallel to the one on which it entered. If the two sides 
of the glass are not parallel, -as in the case of the prism, a more pronounced 
effect is secured, as shown in Fig. 105. 
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Refracting prisms of this type find application wherever it is desired to 
produce a very broad distribution of lights for example, in street lighting 

I 



Fkj. 105. Refraction by Prism. 


units, in railway and traffic signals, and Fresnel lenses as used in lights 
house sendee. 

Prismatic Reflectors. — Since light rays emerging obliquely from a 
dense medium, such as glass, are bent down toward the outer surface 
of the glass, there exists a critical angle at which the light will not leave 
at all but will be refracted along a line parallel with the glass. At 
angles greater than tliis critical angle, the rays are reflected internally, 
as though the surface were a mirror, for crown glass this angle is about 
43 degrees. 

Total reflection can be accomplished by means of a prism, through 
double ” reflection. As shown in Fig. 106, the beam enters the diag- 



Fig. lOG. Total Reflection by Prism. 


onal face of a right-angle prism, travels straight through the glass to the 
short face a, which it strikes at about 45 degrees, is directed by total re- 
flection to the face h, leaving the prism at c, substantially parallel to the 
entering beam. This is the principle used in prismatic glass reflectors. 
Reflecting prisms are customarily designed so that the light strikes at 
about 45 degrees (90 degree prisms). 

Many direct and semi-indirect types of lighting equipment for offices, 
schools, and public buildings, are of prisTnatic glass. , 
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Factory rib glass, commonly used in industrial plants, spreads out 
the light, as shown in Fig. 107. 



Fig. 107. Reflection and Refraction by Factory Rib Glass. 


Essentials of Modern Illumination 

Illumination of Vertical Surfaces. — For many locations, such as 
offices and drafting rooms, light is required principally on horizontal 
planes, such as desk tops or table toj)s, and for these it has been the 
custom, and not altogether an improper one, to calculate illumination 
on the basis of that delivered to horizontal surfaces with the assumption 
that the oblique surfaces of objects would be sufficiently lighted. This 
practice may result in inadeejuate illumination. In a machine shop, 
for example, the lighting of the vertical surfaces of the work or of 
machine parts is fully as important as the lighting of the horizontal 
surfaces. As a matter of fact, most shops are lighted during the day 
only by light from windows which give a greater light on the vertical 
surfaces than on the horizontal. In all such cases where direct lighting 
is used, only those lighting units should be installed which show a 
reasonably good candlepower in the 50-70 degree zone as well as below 
these angles. To cite an extreme case, a shop lighted by closely spaced 
automobile headlights directing the light downward from the ceiling 
would furnish ample light on a horizontal plane but such lighting would 
be far from satisfactory. 

Diffusion of Light. — In addition to a knowledge of reflecting sur- 
faces and reflectors, a knowledge of such other factors as glare, shadow, 
and illumination of vertical surfaces — in a word, the diffusion of 
light — is necessary before an intelligent selection of a lighting system 
can be made. These factors all require most careful consideration if 
the best results are to be obtained. 
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Glare. — By " glare '' is meant any brightness within the field of 
vision of such a character as to cause discomfort, annoyance, inter- 
ference with vision, or eye fatigue. Always a hindrance to vision, it 
often, like smoke from a chimney, represents a positive waste of energy 
as well. Hence, it has sometimes been characterized as light out of place. 
It is one of the faults most commonly found in all lighting installations. 

Avoidance of Glare.^ — “Glare is objectionable because (1) when 
continued it tends to injure the eye and to disturb the nervous system; 
(2) it causes discomfort and fatigue and thus reduces the efficiency of 
the worker; and (3) it interferes with clear vision, and thus reduces 
the efficiency and in many cases increases the risk of accident or injury 
to the worker. From both a humanitarian and a business viewpoint, 
the owner or operator of a factory should be interested in avoiding 
glare, whether caused by daylight or by artificial light. On the other 
hand, in interpreting and enforcing the glare rule the inspector is not 
expected to insist upon what he may believe to be desirable practice in 
the given case; his duty is only to insure the absence of a condition 
which is prejudicial either to the health or to the safety of the worker. 

“If a simple instrument were available for measuring glare the task 
of the inspector would be comparatively easy. However, there are so 
many factors entering into the situation that it has not been found 
practicable to develop any instrument which will properly evaluate 
them all. To arrive at an intelligent judgment in any given case, 
therefore, the inspector must be reasonably familiar with the principal 
factors in or causes of glare. 

“ Causes of Glare. — There are five principal causes of glare: 

“1. Brightncfis of Sourai — The light source may be too bright; 
that is, it may have too many candles per square inch of area. 

“ A glance at the sun proves that an extremely bright light source 
within the field of vision is capable of producing acute discomfort. 
Light sources of far lower brightness than the sun, such, for example, 
as the filament of an incandescent electric lamp or the incandescent 
mantle of a gas lamp, may also cause discomfort, although the annoy- 
ing effect is usually not quite so marked. 

“ 2. Total Volume of Light — The light source may be too powerful 
for comfort; that is, it may give off too great a total candlepower in the 
direction of the eye. 

“ Too frequently glare is assumed to be entirely a question of the 
brightness of the light source; of equal importance is the question of 
its total candlepower. Experience has shown that a 500-watt lamp 

^ From Code of Lighting Factories, Mills and Other Work Places — prepared by 
the U. S. Illuminating Engineering Society. . . 
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in a 10-inch opal globe, or a mercury- vapor lamp of an equivalent 
light output, hung 7 or 8 feet above the floor and a similar distance 
ahead of the observer, will prove quite as glaring as the exposed fila- 
ment of a 50-watt incandescent lamp in the same location. The 
brightness of the opal-globe unit is only a few times that of a candle 
flame, but its total candlepower, and consequently the quantity of light 
which reaches the eye, is altogether too great, so that its effect is worse 
than that of the bare filament of lower candlepower, although the latter 
may have a brightness as high as 3000 candles per square inch. An 
unshaded window often causes glare, due, of course, to the large volume 
of light rather than to the high brightness of the sky. 

3. Location in the Field of View — A given light source may be 
located at too short a distance from the eye, or it may lie too near the 
center of the field of vision, for comfort; that is, within too small an 
angle from the ordinary line of sight. 

“ The SOO-watt opal-globe unit discussed in the previous illustration 
would seldom cause discomfort if placed, say, 80 feet away from the 
observer, for at this distance the total quantity of light entering the eye 
would be only one one-hundredth of that received at 8 feet. Again, 
the same light source would probably be found quite unobjectionable 
at a distance of 8 feet from the eye provided this distance was obtained 
by locating the lamp 4 feet ahead of the observer and 7 feet above the 
eye level; in this case the lamp would scarcely be within the ordinary 
field of view. 

“ The natural position of the eye during intervals of rest from any 
kind of work is generally in the horizontal direction, and it is desirable 
that during such periods the worker should be freed from the annoyance 
caused by glare. Glare is the more objectionable the more nearly the 
light source approaches the direct line of sight. While at work the 
eye is usually directed either horizontally or at an angle below the 
horizontal. Glaring objects at or below the horizontal should especially 
be prohibited. The best way to remove light sources out of the direct 
line of vision is to locate them well up toward the ceiling. Local 
lamps, that is, lamps placed close to the work, if used at all, must be 
particularly well screened. 

‘‘4. Contrast with Background — The contrast may be too great 
between the light source and its darker surroundings. 

“ It is a common experience that a lamp viewed against a dark wall 
is far more trying to the eyes than when its surroundings appear rela- 
tively light. A light background requires, first: that the surface should 
be painted in a color whibh will reflect a considerable portion of the 
light which strikes, it, and second: that the system of illumination 
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employed should be such as to direct some light upon the background. 
In many cases the ceiling appears almost black under artificial light 
simply because no light reaches it. With daylight, on the other hand, 
the walls of a room are often so well illuminated that they appear 
brighter than the work itself and this, also, is a condition which is 
not conducive to good vision. In general, a light tone for ceilings 
and high side walls and a paint of medium reflecting power for the lower 
side walls will ordinarily be found most satisfactory under both arti- 
ficial and natural lighting. 

“ Where strictly local lighting systems are employed, that is, where 
individual lamps are supplied for all benches and machines, and no 
overhead lighting is added, the resulting contrasts in illumination will 
usually be found so harsh as to be objectionable even though the lamps 
themselves are well shielded. The eyes of the workman, looking up 
from his brightly lighted machine or bench, are not adapted for vision 
at low illuminations; hence, if adjacent objects and aisles are only 
dimly lighted, he will be compelled either to grope about, losing time 
and risking accident, or to wait until his eyes have become adapted to 
the low illumination, dancing back at his work, he again loses time 
while his eyes adjust themselves to the increased amount of light 
which reaches them. If long continued, this condition leads to fatigue, 
as well as to interference with vision, and to accidents. In other words, 
where local lamps are employed, there should also be a system of over- 
head lighting which will provide a sufficient illumination of all sur- 
rounding areas to avoid such undesirable contrasts. 

'^5. Time of Exposure — The time of exposure may be too great, 
that is, the eye may be subjected to the strain caused by a light source 
of given strength within the field of vision for too long a time. 

“ Wliere an operator is seated and his field of vision is fixed for several 
hours at a time, light sources of lower brightness and lower candlepower 
are required than where the operator stands at his work and shifts his 
position and direction of view from time to time. In the first case the 
image of the light source is focused on one part of the retina for con- 
siderable periods of time and is obviously more likely to cause discom- 
fort and eye-strain than when present for short periods only. Those 
who are forced to work all day at desks facing the windows are par- 
ticularly likely to suffer from this form of glare. 

“ Rating Light Sources from the Glare Standpoint. — It is evident 
that the first two factors mentioned as causes of glare, namely, excessive 
brightness and excessive candlepower, concern the light source itself, 
whereas the third factor concerns its location in the field of view, and 
the fourth and fifth depend upon the conditions of its use. 
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“ In Table XXXIII a means of rating light sources (into Grades I 
to X) has been provided which takes into account both their bright- 
ness and their candlepower. Light sources in Grades I and II may be 
termed soft or well diffused; those in Grades VIII, IX and X are harsh 
and likely to cause glare. It is seen from Table XXXIII that a light 
source of high intrinsic brightness but of low candlepower, — for ex- 
ample, one that would be classified under the fifth line of the first column 
(less than 20 cp. — and 100 to 1000 c. per sq. in.) has the same rating. 
Grade V, as a source of lower brightness but of greater total candle- 
power (2-5 c. per sq. in. and more than 500 total cp.) which falls in the 
second line of the sixth column. 

'' In accordance with the plan of Table XXXIII, measurements of 
brightness and candlepower have been made on a number of light sources 
found in everyday practice, both natural and artificial, and grades have 
been assigned to them as shown in Table XXXIV. While engaged in his 
work, the inspector will, of course, find other light sources in use which 
are not included in the table; however, from those which are given he 
should be able to estimate closely in what grades the others should be 
placed. In cases of doubt, it is, of course, possible to have actual meas- 
urements made to determine both the brightness of the lighting unit 
and its total candlepower. The unit can then be rated in accordance 
with Table XXXIII. 


TABLE XXXIIl 

Classification op Light Sources from the Standpoint op Glare 

Grade I indicates sources of maximum softness 
Grade X indicates sources of maximum harshness 


Maximum Visible BnghtnoHS 

Total Candlepower in Dirtiction of Eye 


Less 

20 

60 

150 

500 

(Apparent Candles per Sq. In ) 

than 

to 

to 

to 

to 


20 

50 

150 

500 

2000 


Grade 

Grade 

Grade 

Grade 

Grade 

Less than 2 

I 

I 

II 

11 

III 

2 to 5 

II 

II 

III 

IV 

V 

5 to 20 

II 

III 

IV 

VI 

VII 

20 to 100 

IV 

V 

VI 

VII 

VIII 

100 to 1000 

V 

VI 

VII 

viri 

IX 

1000 and up 

VI 

VII 

VIII 

IX 

X 
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TABLE XXXTV 

Specific Classification of Light Sources from the Standpoint of Glare as 
Derived from Table XXXTIl 


Natural Light Sources 
(As seen through windows or skylights) 


Grade 

Sun X 

Very Bright Sky V 

Dull Sky III 

Sun Showing on Prism Glass IX 


OPEN GAS FLAMES TI 


1NCANDES(T:NT MANTLIO gas lamps 



Mantle.s 
Consunimg 
2-5 Gu. FI 
per Hr. 

Mantles 
roiiHuminR 
5-8 Cu. Ft. 
per TIr. 

Largo Sin- 
gle Mantle 
or Cluster 
S-12 Cu. FI. 
per Hr. 

T.arge Sin- 
gle Mantle 
or Cluster 
12-20Cu.Ft. 
per Hr. 

Cluster or 
High Pres- 
sure Lamp 
Consuming 
above 20 Cu. 
Ft. per Hr. 

Clear Glassware 

Gratle 

V 

Grade 

VI ! 

Grade 

VI 1 

. i 

Grade 

VIII 

Grade 

IX 

Frosted Globes 

III 

TV 




6-in. Opal Globe* 

8-in. Opal Globe* 

10-in. Opal Globe* 

12-in. Opal Globe* 

IT 

I 

111 

TI 

IV-Vl 

ITT-V 

V-VIT 

VT-VIII 

Dome Reflector 

Mantle Visible 

Mantle not Vi.sible 

V 

T 

VI 

n 

VTT 

TIT 

VI IT 

TV 

IX 

IV 

Bowl Reflector 

Mantle Visible 

Mantle not Visible 

1 

i 

' V 

Tl 

VT 

IT 

VI T 

HI 

1 VIII 

V 

IX 

V 

Totally Indirect* 

Semi-indirect Bowls* 



T-II 

II-IIT 

IT 

Il-IV 

III 

IIT-VI 


* Whoro a ranso is Rivon, fhe best grade, thai is the lowest, applies to globou that are evenly luminous, 
and the poorest to globes that have a decidedly bright spot in the centefr. 
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TABLE XXXIV. — Concluded 


ARC LAMPS 

Grada 

Enclosed arcs, clear globes IX 

Flame arc, clear globes X 

F’lame arc, opal globes VIl-VIII 

MERCURY VAPOR TUBES VI 

CARBON AND METALLIZED FILAMENT INCANDESCENT LAMPS 
8 cp. V 

16 cp. V 

32 cp. VT 


TUNGSTEN FILAMENT INCANDESCENT LAMPS 


Watts 

10-25 

40-60 

75-100 

150-200 

300 

500-1000 


Grade 

Grade 

Grade 

Grade 

Grade 

Grade 

Bare Lamps 

VI 

VTI 

VIII 

IX 

IX 

X 

Frosted Lamps or 







Frosted Globes 

II 

III 

VI 

VII 

VIII 


8-in. Opal Globes* 

1 

I-ll 

II-IV 

IV-Vl 



12-in. Opal Globes* 



II-IIT 

Il-V 

TV-VT 

VII-VIII 

16-in. Opal Globes* 




II~V 

IV-VI 

V-VII 

Flat Reflectors — Fila- 







ment Visible 

VI 

VII 

VIII 

IX 

IX 

X 

Dome Reflectors — Steel 







or Dense Glass 
Filament visible from 

VI 

VTI 

VTIl 

IX 

IX 

X 

working position 
Filament not visibles 

I 

T 

111 

III 

IV 

VI 

from working position 







Bowl Reflectors — Steel 







or Dense Glass 
Filament visible from 

VI 

VII 

VIII 

IX 

IX 

X 

working position 
Filament not visible 

II 

II 

III 

IV 

VI 

VII 

from working position 







Dome Reflectors — 







Bowl-enameled Lamps 



IV 

V 

VI 

VI 

Semi-enclosing Units* 
Totally Indirect Light- 
ing* 



IlI-IV 

IV-VI 

I-TT 

IV-VII 

II 

VI-VIII 

III 



I-II 

Semi-indirect Bowl* 

1 


I-III 

II-III 

II-IV 

III-VI 


* Whore a range is given, the best grade, that is the lowest, applies to globes that are evenly luminous, 
and the poorest to globes tliat have a decidedly bright spot in the center. 
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“ From a study of Table XXXIV, it will be observed that incandes- 
cent lamps equipped with reflectors which do not completely hide the 
light source have been assigned to the same grade as the corresponding 
sizes of bare lamps. It is true that the addition of a reflector somewhat 
increases the total candlepower in the direction of the eye and therefore 
the argument might be advanced that a lOO-watt lamp with a flat 
reflector should be classified in Grade IX, whereas the bare lamp is 
Grade VIII. On the other hand, from the standpoint of glare, the effect 
of the light background furnished by the reflector at least compensates 
for the increased candlepower which it gives; the rating is therefore 
kept at Grade VIII. 

“ Charting the Field of View. — It has already been pointed out that 
the distance between a light source and the eye, and its angle to the line 
of vision have much to do with determining how bright a light source 
may be used without discomfort.’’ In Table XXXV are given the 
ratings of the brightest light sources which are recommended for use 
in any given location in interior lighting. See also Fig. 108. 



Fia. 108. How the Values of Ta])le XXXV AppI}^ in a Factory W orkroom, 


“ From Table XXX IV the majority of hare incandescent lamps are 
seen to have a rclativclj^ poor rating; that is, most of them fall in 
Grades VII to IX, and it is evident from Table XXXV that these 
grades 7 to 9 are never to be recommended in work rooms in positions 
near the line of vision. 

'' It will be noted from Table XXXIV that the sources of natural 
light, side and ceiling windows, usually fall in Grade IV. Grade II is 
the limiting value for light sources less than 6.5 feet high, in offices and 
other locations where the workers are seated facing in one direction for 
considerable periods of time. Hence, in these cases, to comply with 
the table, the work must be so arranged that the employees are not 
required to face windows where the sky is visible through the lower 
sash; that is, less than 6.5 feet above the floor. 

“ Prism glass, when so located as to^ catch the sun’s rays, ordinarily 
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TABLE XXXV 

Grades op Light Sources Considered Good Practice in Ordinary 
Manufacturing Operations 


For the present the limits set in this table cannot be rigidly applied to portable 
lamps used for temporary work such as setting up machines, repairing auto- 
mobiles, etc. 


Height above 
Floor in Feet 

Horizontal Distance of Light Source From Observer in Feet 

1 

2 

3 

4 

6 

8 

10 

12 

16 

20 

25 

30 

35 

40 

50 

60 and Up 

19 and Higher 

9 

9 

9 

9 

9 

9 

9 

9* 

9 

9 

9 

9 

9 

9 

9 

9 

18-19 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

17-18 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

0 

9 

8 

8 

8 

8 

16-17 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

16-16 

9 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

14-15 

9 

9 

9 

0 

9 

9 

9 

9 

9 

8 

S 

8 

8 

6 

6 

6 

13-14 

9 

9 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

6 

12-13 

9 

9 

9 

9 

9 

9 

8 

8 

8 

8 

6 

6 

6 

6 

6 

6 

11-12 

9 

9 

9 

9 

9 

8 

8 

8 

8 

8 

() 

6 

5 

5 

5 

5 

10-11 

9 

9 

9 

9 

9 

8 

8 

8 

6 

6 

5 

5 

5 

5 

5 

5 

9-10 

9 

9 

9 

9 

8 

8 

6 

() 

G 

5 

5 

5 

5 

6 

5 

5 

8-9 

9 

9 

9 

8 

8 

6 

5 

5 

4 

4 

4 

4 

4 

4 

4 

5 

7-8 

9 

9 

8 

6 

5 

5 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

6.5-7 

9 

6 

5 

4 

4 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4 

6.5 or less 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

3 

3 


Background 

Where the background and the surroundings arc very dark in tone, a light 
source of one grade softer than that specified in this Table maybe required. 
Where the background and surroundings arc very light in tone one grade more 
harsh than that specified in the table may sometinuis be permitted. 


has a very much poorer rating than clear glass; hence, where it is used 
the installation of window shades or curtains should ordinarily be 
required. 

“ The question naturally arises why, if glare is so objectionable, 
all sources capable of jiroducing glare should not be prohibited every- 
where. The answer is that to attain a maximum softness of light some- 
times entails a sacrifice in efficiency and an iniTcase in operating expense. 
If a worker (diooses unnecessarily to gaze direc^tly upward at a bright sky- 
light or at an artificial lighting unit so located that it is not a factor in 
glare under ordinary circumstances, it is scarcely within the province 
of a code of lighting to protect him from the (‘onsequcnces.’’ 

Specular Reflection. — A form of glare which is often less obvious 
than that which comes directly from the source to the eye, but which is 
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frequently more harmful because of its insidious nature, is that which 
comes to the eye as a glint or a reflection of the source in some polished 
surface. This form of glare, known as specular reflection or veiling 
glare, is frecpiently encountered where the work is with glossy paper, 
polished metal or furniture, or other shiny surfaces. It is particularly 
harmful because of the fact that the eye is often lield to such surfaces 
for long periods of time, and while the glare may not be sufficiently 
annoying to be recognized as of a serious nature, it may, nevertheless, in 
time produce (^yc-fatigue or even permanent injury. Since the bright- 
ness of the reflected images is dependent upon th(* brightn(‘ss of the light 
source, it follows that the liarmful eff('cts of s])ecular reflection can be 
minimized by reducing the brigldness of the light source. Frequently, 
sf)ccular reflections (‘an b(^ prevented from striking the c^ye by locating 
the light source in siu^h a position with respc(^t to the work that specu- 
larly reflected light will be thrown away from, rather than toward, the 
operator. Tlu^ use of lighting units of large area and a diffusing medium 
to prevent any direct rays from the lanq^ striking the surfaces illumi- 
nated will aid in avoiding bad s])ecular refle(*tion ; but on the other hand, 
if the source is very large, as, for examj)le, a (veiling lighted by indirect 
units, a (certain amount of spc'cular reflection cannot be avoided. For 
a machines shop a more highly diffusing light source will be required than 
for a woodworking shop because the reflected images from metal are 
much more distinct than those from wood. 

In choosing lighting (Kiuipment, it must be borne in mind that, 
although a given rcflec'tor may afford ackniuate ju'otection against direct 
glare from the lamp filament, it will not ])r()tect against glaring reflec- 
tions unless tlie lamp is shielded in su(di a manner that the filament 
cannot be seen wIkui the unit is viewed from dir(*ctly l)(*iieath. In many 
industrial operations, including th(' inspc'ctioji of finished surfaces, a 
moderate degree of specuilar r('fle(*tion or sh(H*n will be found essential. 

Desirable Wall Brightness. — Th(' effeedivenu^ss of a, lighting system 
depends, as has })cen shown, not only on th(‘ effectiveness of the lighting 
unit, but on th(^ ndlecting jiroperthis of the walls, ceiling and surround- 
ings, and upon the size and proportions of the room. Jt. is, in fact, 
entirely jxissible to find an installation of reflectors of poor design and 
inferior from the standixiint of glare, which is, nevertheless, from the 
single standpoint of the percentage of light reaching the illumination 
plane, better than an installation where reflectors of good design are 
used, if the former are insl ailed under favorable cc^nditions such as light 
walls, ceilings, etc., and the lattor under unfavorable conditions. On 
the other hand, it must- be borne in mind that a large expanse of wall 
surface, finished so light as to reflect a large volume of light into the eye, 
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is objectionable for offices, residences and all rooms where the occupants 
are likely to sit more or less directly facing the walls for considerable 
periods of time. Such data as are available indicate that where the 
brightness of the walls is e(pial to, or greater than the brightness of white 
paper lying on the table or desk, annoying glare will result. In fact, 
a wall brightness one-half that of the paper has been found unsatis- 
fa(*.tory and a Imghtiiess of 20 per cent is apparently comfortable. 
With the usual types of lighting units, walls arc not illuminated to 
intensities as high as tliose ol)ta.ining on desk or table tops, and walls 
which reflect less than 50 i)er (‘ent of the liglit which st rikes them should 
not produce discomfort, provided, of course, that they arc of a mat or 
semi-mat finish. Walls finished in buff, light green or gray reflect 
about the proper proportion of light and their use is meeting with 
general favor. Walls finished in a high gloss are not satisfactory from 
a glare standpoint. 

Shadow. — Shadows may bo troublesome if they are sharp or so 
dark that it becomes difficult to distinguish between shadows and 
objects, or if the illumination in th(^ shadows is insufficient for good 
vision. With gcnc^ral lighting, shadows from the work or fixed objects 
can be reduced by placing the units liigh and close together. A maxi- 
mum degree of shadow results from this arrangenient in the case of direct 
lighting systems using clear lamps in open reflectors of small area, a 
minimum in that of totall}^ indirect lighthig systems. Enclosing and 
semi-enclosing units produce shadows which are softer than those pro- 
duced by open reflectors but much heavier than those produced by 
totally indirect systems. With semi-indirect units, almost any degree 
of shadow can be obtained l)y varying the density of the glass. 

In observing objects in their three dimensions, shadows are an aid 
to vision in that the surfa(*es can be mon' easily distinguished from one 
another than if they were all lighted to the saine intensity. However, 
while shadows arc of great value in the disccrniiKuit of irregularities of 
surfaces, they are of little or no value in th(' obs(u*vation of plain sur- 
faces. For exampk^, while shadows an? highly desirable in industrial 
work, in office w^ork they are for the most part unn(M*(»ssary, and, in fact, 
often a nuisance. With few exceptions, only soft, luminous shadows 
are desirable in interior lighting; those having sharp edges are objection- 
able. 

Coefficients of Utilization. — Because of the loss of light through 
absorption by the reflector or enclosing glassware, by the fixture, and 
by the walls and ceiling, only a part of the total light emitted by a lamp 
reaches the designated plane. Of the warp of the light sent in directions 
other than those where it is uspd, some will be redirected by the ceiUng, 
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walls and other surfaces on which it falls, and the percentage of the total 
lumens emitted by the lamp which ultimately reaches the desired locar 
tion will, therefore, vary widely with the proportions of the room and 
the nature of the surroundings. Contrary to the general belief, the 
absolute height in feet at which units are mounted has in itself no 
influence upon the percentage of light utilized, so long as the same pro- 
portions are maintained. For example, if there are two buildings, one 
20 feet by 50 feet and 10 feet in height, and the other 40 feet by 100 feet 
and 20 feet in height, it is clear from Fig. 109 that the effective angle 




Fig. 110. The Corffirit*!!! of Utilizaiinn is D('ponfIont apon Room Proportions. 

Tlio Light Striking l.hr P:irtition is Largi'lv Lost-. 

and hence the eflitaencios of the lighting systems in the two buildings 
will be the same. If the small building is illumintited by eight 100-watt 
lamps on 10-foot- centers and the large building by the same number of 
400- watt lamps on 20-f()ot cent(»rs, the average intensity of illumination 
will be the same, and its (listribiition will be similar. On the other 
hand, the proportions of a given building or room jiave a very important 
bearing upon the percentage of light utilized. For rooms in which the 
ratio of width to ceiling height is small, a low ui^^ilization obtains because, 
as shown in Fig. 110, a relatively greater portion of the light strikes the 
walls and is absorbed by them than is tile case for a large room. 
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Room Index. — Again, it is obvious that a square room would have 
a higher coefficient of utilization than a long narrow room of the same 
area. As the result of an elaborate series of tests made in rooms of 
different dimensions, it has been found possible to classify all lighting 
installations in ordinary rooms into groups depending upon the length 
and width of the room, and the height of the light sources above the plane 
to be illuminated. These classifications an' given in Table XXXI X 
and are known as room indices. These indices are chosen arbitrarily. 
For direct lighting systems in square rooms, the room index equals 

width of room 

2 X height from plane of work to lamps 
For indirect and semi-indirect installations, the room index equals 

width of room 

1 J X height from plane of work to ceiling 

For an installation in a cubical room, the index will be 1 when the 
distance between the lighting fixtures and the plane of work is | of the 
total distance from floor to ceiling. 

Room indices for other than square rooms can only be compiled from 
test data. For example, the coefficient of utilization and the room 
index for a rectangular room is not the same as for a square room of 
equivalent area but must be determined empirically. 

Table XL shows the coefficients of utilization for various types of 
lighting units in rooms having walls and ceilings of different reflecting 
power and for each room index. These coefficients of utilization are 
based on actual test results. It is obvious that for any given location 
the coefficients of utilization for two different types of lighting units 
represent the relative efficiency in delivering light upon a horizontal 
plane under those particular conditions. 

DESIGNING A LIGHTING SYSTEM 

The four steps to be carried out in the design of a general lighting 
system for a room are as follows: . 

1. Fix Location of Outlets. — Use Spacing-Mounting Height Tables 
XXXVI, XXXVII. Typical Layouts. 

2. Decide on Foot-Candles Required. — See Recommended Values, 
Table XXXVIII. 

3. Determine the Room Efficiency and Suitable Reflector. — Use 
Room Index Table XXX*IX; Coefficients of Utilization, Table XL. 

4. Ascertain the Lamp Size from Lumen Output Required. — See 
Computed Values Table XLI, and Formulas for Computation, page 308. 
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Location of Outlets — Adequate Wiring 

Lighting standards which are accepted today are not only on a better 
level than those of a few years ago, but studies in light and vision point 
to even higher standards, which will unquestionably be used in the 
future. 

The wiring plan is the foundation of the lighting system and, indeed, 
is the step that should be given the most careful attention. Because 
the cost of the ordinary lighting installation is made up so largely of 
wiring costs, it is far more economical, in planning a lighting installa- 
tion, to provide wiring adequate for future as well as present needs. 

When once outlets are properly installed as regards both spacing 
and size of wire, a change in type of reflector or in size of lamp may be 
made without undue complication; but where the spacing of outlets 
is too great or the wiring inadequate, satisfactory results can never be 
obtained without expensive alteration. 

The number of outlets to provide for any given area is determined 
by the maximum allowable spacing between lighting units and is in 
turn regulated by their height above the floor. The relation between 
height and spacing is based on the distribution of light to procure a 
reasonably uniform level of illumination on the working plane. Careful 
analysis of the accompanying drawings will illustrate the importance 
of this principle. 

Strictly speaking the spacing for uniform illumination on the work 
depends upon the height of the light source above the surface to be 
illuminated, but since most work surfaces arc from 21 to 3 J feet above 
the floor, the spacing may for practical purposes be considered a function 
of the mounting height of lamps above the floor. In general, a spacing 
in feet which does not substantially exceed this mounting height will 
result in reasonably uniform illumination. See Tables XXXVI and 
XXXVII. 

Wlicn lighting units are mounted as high as the ceiling or roof trusses 
permit, larger and more efficient lamps may be used, while fewer units — 
to buy, to install, and to maintain — will be necessary. The ceiling 
height, or rather the height which units may be mounted clear of ob- 
structions, therefore dictates the maximum permissible spacing. 

With a light source only 8 feet above the floor one unit would be 
required for each 50 square feet to give reasonably uniform coverage; 
for a 10-foot height a unit for each 110 square feet; 15-foot height, 325 
square feet; 20-foot height, 050 square feet,^etc. 

The arrangement of bays, columns, position of work, however, often 
suggest a closer spacing to conform to'a symmetrical layout, or a more 
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favorable location with respect to work positions where these are known 
in advance. 

Specific data and typical layouts follow. 



Fic. Ilia. Units spaced too far apart for their height result in very uneven 
illumination, in this case a 4 to 1 variation, and work positions midway between 
units will be inadequately lighted; harsh shadows will also result. The 
remedy is to mount the units higher, or if that is impossible, to space them 
closer as shown in Fig, 1116. 



Fig. 1116. It will be noted that if the permissible ratio between spacing and 
mounting height is not exceeded, uniform illumination will be produced. Note 
also the overlapping of light which serves to eliminate shadows as the units are 
brought closer together. 


Spacing of Outlets. — The location of outlets is determined by the 
structural features of the interior — ■ in fact in many cases, particularly 
new buildings, the wiring is installed even before the type of lighting 
unit is decided upon. The ceiling height therefore automatically 
regulates the maximum permissible spacing, assuming the units are 
mounted as high as possible. 
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Fia. 112. The Layout of Lighting Outlets for a Large Industrial Building, Indi(^at- 
ing the Application of Data in Table XXXVI. The 13-foot clearance allows a 
spacing of 13 feet. For a symmetrical layout in the bays a 10-foot spacing is 
adopted. 


TABLE XXXVI 
SrAriNG OF Ottlets 


Ceiling 
Height 
(Or Height in 
the Clear) 

(C) 

spacing Between Outlets 

Spacing Between Otiljjide 
Outlets and Wall 

Approximate 
Area per 
Outlet 
(At Usual 
Spuciugs) 

Usual 

(D) 

Mv.xirniim 
(For Units at 
Ceiling) 

(i>) 

Aisles or 
Storage Next 
to Wall 
(A) 

Desks. Work- 
benches, etc.. 
Against W all 

(B) 

(Feet) 

8 

9 

10 

11 

12 

(Feet) 

7 

8 

9 

10 

10-12 

Not more than* 

8 

9 

lOJ^^ 

12 

Usually 

one- 

half 

Not more than* 

3 

3 

3.4 

3 ) 2-4 

(Square Feet) 

50-60 

60-70 

70-85 

85-100 

100-150 

13 

10-12 

13 

3 ^ 2 - 43 ^ 

100-150 

14 

10-13 

15 

actual 

4-5 

100-170 

15 

10-13 

17 


4-5 

100-170 

16 

10-13 

19 

spacing 

4-6 

100-170 

18 

10-20 

21 

4-6 

100-400 


18-24 

24 

between 

5-7 

300-500 


20-25 

27 


5-7 

400-600 


20-30 

30 

units 

6-8 

400-900 


25-30 

33 


8-9 

600-900 


25-30 

40 


8-10 

600-900 


* Where it is dchnilely known that Horue form of indirect liffhtinf? will he used, the maximum 
■pBdnic between outlets may bo increased about two feet, and the distance from the outside 
outlets to the wall may be increased by one foot. 


Mounting Height of Lighting Units. — Where the maximum spacing 
is employed, the units should obviously be mounted as close to the ceil- 
ing as possible. When units are spaced less than the maximum permis- 
sible, they may be dropped from the c(5ihng for reasons of appearance. 
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ease of cleaning, etc., but in no case should they'be dropped below the min- 
imum value shown in column (H), Table XXXVII, for a given spacing. 



DIHKCT UGin iNG UNITS 


Actual 

Spacing 

Between 

Units 


nisLance 
of Units 
from 
Floor 
Not I.>cas 
Than 
(U) 



Desirable Mounting 
Height in 

Industrial Interiors 


] 2 feet above floor if 
possible — to avoid 
glare, and still be 
within reach from 
stepladder for 
cleaning. 


Where units are to 
he mounted much 
more than 12 feet 
it is usually desir- 
able to mount the 
units at <?eiling or 
on roof trusses. 


Desirable Mounting 
Height in 

Commercial Interiors 


The actual hanging 
height should i)c 
governed largely 
by general appear- 
ance, but particu- 
larly in offices and 
drafting rooms, the 
minimum values 
shown in Column 
II should not be 
violated. 
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Layouts Suggested for Symmetrical Spacing. ~ Where interiors are 
divided by columns or ceiling beams into bays, it is usually desirable 
because of appearance to locate the outlets symmetrically with respect 
to these structural sections. The typical layouts and notes which 
follow suggest arrangement of units with respect to bays. 



Layout A 

Four Units per Bay — This is the 
most common system for the square 
bay of usual dimensions. 


0 

1 

Q i cr 

1 

1 

1 

0 1 0 

1 

0 

0 

- — - — — — 

1 

n ] n 

1 

— — -fa - — — 
1 

0 I 0 

1 

1 

0 


Layout C 

Two Units per Bay — Usually appli- 
cable only in narrow bays where the 
width is less than two-thirds the 
length. 



Layout £ 

Staggered System — A recourse 
where one unit per bay is unsatis- 
factory and where four per bay is 
unnecessary. Less favorable appear- 
ance, and certain areas near walls 
may be inadequately lighted. Often 
expensive to wire. 



Ijayout B 

Four-Two System — This is equiva- 
lent to three units per bay and is an 
alternative to four per bay where 
permissible spacing allows. 



Layout D 

One Unit per Bay — A very common 
practic;e, but satisfactory only where 
bay size is no greater than the maxi- 
mum permissible spacing — an unusual 
condition. 



Layout F 

Interspaced System — Applicable in 
rectangular bays where one unit per 
hay would exceed the permissible 
spacing in on6 direction, and where 
center row will not interfere with 
future structural arrangements, such 
as added oflice partitions. 
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Layouts for Special Applications. — The adoption of well-designed 
general lighting systems eliminates the need for a great many in- 
genious lighting devices. However, in certain locations, particularly 
manufacturing operations, requiring high machines or peculiar machine 
grouping, special attention must be given to the layout of the general 
lighting or to the use of units supplementary to the general system. 



Group Lighting. — Units are arranged with 
respect to machine groups to give better 
direction of light and to avoid high machines 
cutting off light where needed. Encountered 
usually in standardized industries such as 
textile, paint, paper, and jirinting. 


Craneways. — Mount units on truss cords 
or hang conduit from messenger cable. Stag- 
ger units as shown to prc*vt‘nl traveling crane 
from blocking off light from all units in the row 
parallel to the crane as it travels along. 



Angle Units. — In erecting shops in high 
bays, angle units along the walls at 20 feet 
height will provide additional light for vertical 
surfaces. Similarly, large high machines or 
special operations fre(jiR‘ntlv require supple- 
mentary units, mounted perhaps on columns 
close by. 



Bench Lighting. — If the general lighting 
system is well planned special bench lighting 
is unnecessary excejit h(*re there is fine bench 
work requiring much higlier illumination than 
is provided throughout, the room. 


Special Purpose Units. — Some erases re- 
quire special study because of the fieculiar 
requirements. This illustrates the use of 
sjieciar units to sjiread a high intensity band 
of light on the vertical surfaces of an auto body 
for finishing and inspecting. 


Foot-candles Required. — Fo<it-candle recommendations are based 
on research studiCwS of vision, on observations of r(‘sults in actual in- 
stallations (sec Fig. 114), and, further, on the adequacy of present 
equipment and metfiods to provide the desirable standard of illumi- 
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10,000 Fool -Candles 
(Outdoors in Sun) 



1000 Foot-Candles 
(OutdiHirs in slnule) 



100 Foot-Caudles 
(Daylight near windows) 



10 Foot-Candles 
(Artificial liglit — modern syslcni) 



1 Foot-Candlo 

(Artificial liglit— old stylo system) 


nation with safety and economy. All lab- 
oratory data point to the desirability of 
higher levels of illumination from the 
standpoint of vision, and practical tests 
(see Fig. 115) substantiate the economy 
which results because of increased produc- 
tion, fewer accidents, and similar benefits. 

But without regard to such factors which 
are basic considerations of lighting eco- 
nomics, because of the progress the electric 
industry has made, tending to lower costs 
of energy and lamps, 30 foot-candles cost 
no more today than 4 or 5 foot-candles cost 
twenty-five years ago. 

The foot-candle values given in the fol- 
lowing pages (Table XXXVII T) correspond 
to present standards for different classes 
of industrial operations, offices, stores, etc. 
They are merely an index to good practice. 
The desirable illumination for any particular 
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installation depends upon actual conditions, such as the accuracy of the 
operation, the fineness of detail to be observed, the color of the goods 
worked on or handled, and, in the case of stores, the advertising value 
resulting from the attractiveness of a well-lighted interior. 


TABLE XXXVITI 

Present Standards of Foot^Candles of Illumination for 
Commercial Interiors 



Foot-Catidl«*s 


Foot-Candles 


Uecomnieiided 


llccom me ruled 


(}oo<l 

.Mini 


Ciood 

Mini- 


Practice 

mum 


Practice 

mum 

Armories- 



I'.lev ;i(ots 



Drill ShedH 

10 

0 

Freight and Pas.4engei 

G 

4 

Exhibition Halls 

12 

H 

Fire Engine House 



Art Galleries 



When Alarm is ( urned in 

8 

5 

General 

5 

3 

At Other Times 

3 

2 

On PaintinKM 

2:1 100 

10 

Garage — Automobiles 



Auditoriums 

5 

3 

Stoiage — Dead 

3 

2 

Automobile Show llooms 

15 

JO 

Live 

8 

5 

Bank. 



ftepair Dept and Mashing 

15 

10 

Lobby 

Cases and Offices 

10 

15 

G 

10 

G\ iiiiiasiums 

Alain l''x<*rcising Floor 

12 

8 

Barber Shop 

15 

10 

Swimnuiig Pool 

8 

5 

Base Ball — Indoor Game 

15 

10 

Shower Rooms 

f) 

4 

Basket Ball 

15 

10 

Locker BiKims 

G 

4 


Fencing, Boxing, Wie.slling 

12 

8 

Bowling- 






On Alley, Bunuay and Seafs 

8 

5 

tenors 

3 

2 

On Pins 

25 

15 

Handball 

25 

15 

Billiards — General 

6 

4 

Hospitals: 



On Table 

25 

15 

Lobby and Ri'Ci'ptioii Room 

0 

4 

Cara 



Corndois 

3 

2 

Baggage, Dav Coach, Din- 



Walds (with local illunnna- 



ing, Pullman 

S 

5 

I 1011 ) . . 

5 

3 

Mud. 



Piivati* RiKjms 

8 

5 

Bag Racks 

12 

8 

Night IlluniinatioM 

0 2 

0 1 

T.etter Caaea 

15 

10 

( )peiating 'rabh- 

l()()-2()() 

75 

Storage 

0 

4 

Opeialirig ItiMim 

15 

10 

Street Badway and Sul)\\a\ 

10 

0 

Laboratories 

15 

It) 

Churches 



Hotels 



Auditorium 

3 

2 

Lobby 

8 

5 

Sunday School Room 

8 

5 

Dining Ttoom 

G 

4 

Pulpit or Bostriim 

12 

8 

Kitchen 

10 

G 

Art Glass Window-s 

25-50 

15 

Bed Rixinis 

8 

5 

Club Rooms 



Corndor.s 

3 

2 

Lounge 

5 

3 

W'riting Room 

12 

8 

Reading Room 

12 

8 

Library 



Court Rooms 

10 

6 

Reading Boorna 

12 

8 

Dance Halls 

0 

4 

Stack Rfxim 

G 

4 

Denial Offiees 



Lodge Rtxnna 

0 

4 

Waiting Room 

6 

4 

Lunch Boom 

12 

8 

Operating Office 

12 

8 

Market 

12 

8 

Dental Chair 

50 c 

25 

Moving Picture Theatre 



Depot — Waiting Room 

8 

5 

During Intermission 

5 

3 

Drafting Room 

25 

15 

During Piet, urea 


0 1 
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TABLE XXXVIII — Continued 
Present Standards of Foot-Candles of Illumination for 
Commercial Interiors — Continued 



Foot-Candles 

Recommended 


Foot-Candles 

Recommended 

Good 

Practice 

Mini- 

mum 

Good 

Practice 

Mini- 

mum 

Museum: 



Show Windows (Coni.): 



(leneral 

8 

5 

Small Cities and Towns . . 

50 

30 

Special Exhibits 

25-100 

lU 

Lighting to Reduce Day- 



Office Buildings. 



light Window Roflections 

200-1000 


Private and General Offices 



Stores — Department and 



Close Work 

15 

10 

Large Specialty 



No Close Work 

10 

8 

Mam Floors , 

15 

10 

File Hoorn 

G 

4 

Other Floors 

12 

8 

Vault. . 

6 

4 

Basement Store 

15 

10 

Reception Room 

G 

4 

Small Stores. 



Post Office- 



Art . 

12 

8 

Ijobby 

10 

6 

Automobile Supply 

12 

8 

Sorting, Mailing, etc 

15 

10 

Bake Shop 

12 

8 

Storage 

10 

6 

Book .. 

12 

8 

Private and General OffieoH 

15 

10 

Cluna. . 

12 

8 

File Room and Vault . 

b 

4 

Cigar 

15 

10 

Corndors and Stairways . 

3 

2 

Clothing . 

15 

10 

Railway: 



Confectionery 

12 

8 

Depot — Waiting Room 

8 

5 

[)airy Products 

12 

8 

Ticket Offices 

12 

8 

Decorator 

12 

8 

Rest Room, Smoking Room 

8 

5 

Drug. . . 

15 

10 

Baggage Checking Office.. 

12 

8 

Dry Goods 

15 

10 

Storage 

6 

4 

Electrical Supply 

15 

10 

Concourse 

6 

4 

Florist 

12 

8 

Train Platform 

4 

2 

Furrier 

15 

10 

Restuurnnt.s . . 

8 

5 

Grocery 

12 

8 

Racquet 

25 

16 

Haberdashery 

15 

10 

School.s: 



Hardware 

12 

8 

Auditorium 

8 

5 

Hat 

15 

10 

Class Rooms, Library and 



Jewelry 

15 

10 

Office . . . 

12 

8 

Leather, Handbags niid 



Corridors and Stairways 

5 

3 

Trunks 

12 

8 

Drawing 

25 

15 

Meat 

12 

8 

Laboratories 

12 

8 

Millinery 

1 15 

10 

Manual Training 

12 

8 

Music 

12 

8 

Sewing Roonia 

25 

15 

Notions 

12 

8 

Study Room — De,sks and 



Piano 

12 

8 

B!ackboard.s 

12 

8 

Shoe 

15 

10 

Skating Rink (Indoor) . 

8 

5 

Sporting Goods 

12 

8 

Squash . 

25 

15 

Tailor 

15 

10 


[ Two 

to four 

Tobacco. 

15 

10 

Show Cases 

limes tliat of 

Vunoty Store 

15 

10 


[ store proper 

Telephone Exchanges 



Show Windows- 



Operating Rooms 

8 

5 

Large Cities — 



Termimil Rooms 

12 

8 

Brightly Lighted District.. 

150 

100 

Cable Vault.s 

6 

4 

Secondary Business Loca- 



Tennis (Indoor) / 

25 50 

15 

tions 

75 

50 

Theatres 



Neighborhood Stores 

50 

30 

Auditorium 

3 

2 

Medium Cities — 



Foyer . ..A... . 

8 

5 

Brightly Lighted District.. 

75 

50 

Ijobby 

12 

8 

Neighborhood Stores 

50 

30 

Toilet^and Washrooms ^ 

6 

4 
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TABLE XXXVIII — Continued 
Present Standards of Foot-Candles of Illumination for 
Industrial Interiors 



Foot-Candles 

Recommended 


Foot-Candles 

Recommended 

Good 

Practice 

Mini- 

mum 

Good 

Practice 

'Mini- 

mum 

Aislen, Stiiirwa>8, PaasaRc- 



Cloth Products (Con/.). 



wayK 

3 

2 

Pressing, Cloth Treating 



AsaonibliiiR. 



(Oil Cloth, etc ) — 



KuuRh 

8 

5 

Dark Goods 

20 

12 

Medium 

12 

8 

C^oal Briiaking and Washing, 



Fine 

20 

12 

Screening 

5 

3 

Extra Fine 

fiU 100 

25 

Construction 



Automobile Manufacturine 



Indoor General 

5 

3 

Automatic Screw Mucin new 

15 

10 

Dairy Products 

12 

8 

Assembly Line 

15 

10 

Electric Manufacturing 



Frame Assembly 

12 

8 

Storage Battery, Molding 



Tool MakiiiR 

20 

12 

of Grids, Charging Room 

10 

6 

Body Manufacturing — 



Coll and Armatun* Wind- 



Assoniblv, Finishing and 



mg, Mica Working, Jnsu- 



Inspecting 

50-100 

25 

hiting I'roccssoB 

20 

12 

Bakeries 

12 

8 

hjlovutor — Freight and Pas- 



Book Binding- 



senger 

8 

5 

Folding, Assornbling, Past- 



lOngraving 

50-100 

25 

ing, etc 

8 

5 

Forge Shops and Welding 

10 

6 

Cutting, Punching and 



Foundries 



Stitching 

12 

8 

C’harging Floor, Tumbling, 



Ein boasing 

15 

1 10 

Cleaning, Pouring and 



Candy Making 

12 

8 

Shaking Out 

8 

5 

Canning and Preserving 

12 

8 

Rough Molding and Core 



Chemical Works 



Making 

10 

6 

Hand Furnaces, Boiling 



Fine Molding and C’ore 



Tanks, Stationary Driers, 



Making 

15 

10 

Stationary or Gravity 



Garage — Automobiles 



Crystallizing 

5 

5 

Storage — Dead 

2 

2 

Mechanical Furnaces, Gcn- 



lave 

8 

5 

eratxirs and Stills, Alii-han- 



Repair Dept and Washing 

15 

10 

ical Driers, Evaporators, 



(ilnss Works 



Filtration, Mechanical 



Mix and Furnace Booms. 



Crystallizing, Bleucliing 

G 

4 

Pressing and Ja-hr, Glass 



Tanks for Cooking, Ex- 



Blowing Maehines 

10 

6 

tractors, Percolators, Ni- 



Grinding, CutI ing Glas.s to 



trators, Electrolytic Cells 

10 

0 

Size, Silvering 

12 

8 

Clay Products and Cements 



Fine (Grinding, Poli.shing, 



Grinding, Filter Presses, 



Beveling, Inspection, Etch- 



Kiln Rooms 

5 

3 

ing and Decorating 

15 

10 

Molding, Pressing, Clean- 



Glass Cutting (Cut Glass), 



ing and Trimming 

8 

6 

Inspecting Fine 

25 50 

15 

Enameling 

10 

0 

Glove Manufacturing 



Color and Glazing 

15 

10 

T-iglit Goods — 



Cloth Products 



Cutting, Pre.s8ing, Knitting 

12 

8 

Cutting, Inspecting. Sewing 



Sorting, Stitching, rrim- 



Light Goods 

15 

10 

ming and Inspecting 

15 

10 

Dark Gootls 

50-100 

25 

Dark Of Kids -- 



Pressing, Cloth Treating 

, 


Cutting, Pressing, Knitting 

15 

10 

(Oil Cloth, etc ) — 



Sorting, Stitching, Trim- 



Light CJfiods 

12 

8 

ming and Tnspf^ting 

60-100 

25 
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TABLE XXXVIII — Coniinwed 
Present Standards of Foot-Candles of Illumination for 
Industrial Interiors — Confinwed 



Foot-Candles 


Foot-Candles 


Recommended 


Recommended 


Good 

Mini- 


Good 

Mini- 


Practice 

mum 


Practice 

mum 

Hat Manufacturing' 



Machine Shops (Coni.) 



Dyeing. Stiffening, Bmid- 



Medium Bench and Mu- 



ing, Cleaning and Kefin- 



chine Work, Ordinary Auto- 



ing — 



inatic Machines, Rough 



Light 

10 

6 

Grinding, Medium Buffing 


1 

Dark 

16 

10 

and Polishing 

15 

10 

Forming, Sizing, Pounc- 



Fine Bench and Machine 



ing, Flanging, Finishing, 



Work, Fine Automatic Ma- 



Ironing — 



chines, MwJium Griri(Jiiig, 



Light 

12 

8 

J’lne Buffing and Polishing 



Dark . 

16 

10 

Extra Fine Bench and Ma- 



Sewing — 



chine Work, Grinding 



Light 

15 

10 

(Fine Work) 

50-100 

25 

Dark 

50-100 

25 

Meat Packing 



Ice Making 



Slaughtering 

8 

5 

Engine and Compressor 



Cleaning, Cutting, Crxik- 



Room 

10 

0 

ing, Giinding, Canning, 



Inspecting- 



Packing 

12 

8 

Rough 

10 

6 

Milling - Grain Foods 



Medium 

15 

10 

Cleaning, Gniiding and 



Fine 

25 

15 

Rolling. 

8 

5 

Extra Fine 

50 100 

25 

Baking or Roasting 

12 

8 


( Usual'y 

' re(| Hires 

Flour Grading 

Offices' 

Private and General — 
Clost» Work 

25 

15 

Polished Surfaces 

1 glint reflections 

1 from specially lo- 

15 

10 


1 cated 111 

ght source 

No Close Work 

10 

8 

Jewelry and Watch Manu- 



Drafting Room 

25 

15 

facturing 

50 100 

25 

Packing- 



JiaundricB and Dry Clean- 



Crating 

6 

4 

ing 

12 

8 

Boxing 

10 

6 

Leather Manufacturing 



Paint Manufacturing 

10 

6 

Vats 

5 

3 

Paint Shops 



Cleaning, Tanning and 



Dipping, Spraving, Firing 

8 

5 

Stretching 

6 

4 

Iluhhing, Ordinary Hand 



Cutting, Fleshing and Stuff- 



Painting and Finishing 

12 

8 

ing 

10 

6 

Fine Hand Painting and 



B'lnishing and Scarfing 

15 

10 

Finishing 

15 

10 

Leather Working' 



Extra Fine Ilaiul Painting 



Pressing, Winding and 



and Finishing (Automobile 



Glazing — 



Bodies, Piano Cases, etc ) 

50-100 

25 

Light . 

12 

8 

Paper Box Maiiufaeturmg 



Dark 

15 

10 

l^ight 

10 

6 

Grading, Matcliing, Cut- 



Dark 

12 

8 

ting, Scarfing, Sowing — 



Storage of Stock 

5 

.3 

Light 

15 

10 

Paper Manufacturing 



Dark . . 

50-100 

25 

Beaters, Machine, Grinding 

6 

4 

liockor Rooms 

6 

4 

Cnloudering 

10 

6 

Machine Shops: 



Finishing,* Cutting and 



Rough Bench and Machine 



Trimming 

12 

8 

Work . 

10 

6 

Placing 

8 

5 
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FUNDAMENTAL PRINCIPLES OF ILLUMINA'yjON 


TABLE XXXYUl — Continued 
Present Standards of Foot-Candles of Illumination for 
Industrial Interiors — Continued 



Foot-Candles 

Recommended 


Foot-Candles 

Recommended 

Good 
Pruct ice 

Mini- 

mum 

GiK)d 

Practice 

Mini- 

mum 

Polishing and BurnisliiiiK 

12 

8 

Soap Manufacturing 



Power Plants, Engine 



Kettle Houses, Cutting, 



Rooms, Boilers; 



Soap Chip and Powder 

8 

5 

Boilers, C'oal and Aah 



Stumping, W'rappiiig and 



Handling, Storage Bat tery 



Packing, Filling and Pack- 



Rooms 

5 

3 

ing Soap Powder 

10 

6 

Auxiliary Equipment, Oil 



Steel and Iron Mills, liar. 



Switches and Transformers 

8 

5 

Shwt and Wire Products 



Switchboard, Engines, Ocn- 



Soaking Pits and Reheat- 



orators, Blowers, Compres- 



mg Furnaees 

3 

2 

Bors 

10 

6 

f^harging ainl C-isting 



Printing Industries 



FlfMirs 

6 

4 

Matrix! ng and Casting, 



Muck and Heavy Rolling, 



Miscellaneous Machines, 



Sheaiing, rough bv gauge. 



Presses 

12 

8 

Piekling and Cleaning 

8 

5 

Proof Bending, Litho 



Plate In.spi'ef ion. Chipping 

25 

16 

graphing. Electrotyping 

I.*) 

10 

Automatic Maelunes, Red, 



Linotype, Monotype, Typo- 



Jaghf and Cold Bolling, 



setting. Imposing Stone, 



Wire Drawing, Slieenng, 



Engraving 

50 100 

25 

fine by lino. 

12 

8 

Receiving and Shipping . 

6 

4 

Stone Crusliing and Screen- 



Rubber Manufacturing and 



ing 



Products 



Hi'lt Conveyor Tubes, 



Calendars, Compounding 



Main Line Shafting, 



Mills, Fabric Preparation, 



Sfiaces, Chute Rooms, In- 



Stock Cutting, Tubing Ma- 



.side of Rin.s 

3 

2 

chines, Solid Tire Opera 



Primary Breaker Room, 



tions. Mechanical floods 



Auxiliary Breakers under 



Building, Vulcanizing 

12 

8 

Bins 

5 

3 

Bead Building, Pneuinatic 



Screen RiMims 

8 

5 

Tire Building and Finish- 



Store ami Stock Rooms 



ing, Inner T ubo Operation, 



Bough bulky material 

3 

2 

Mechamcal Goods Ti mi- 



Medium oi fine material 



ming, Treading 

1.'-) 

10 

requiring care 

8 

5 

Sheet Metal Works 



Structural Steel Fabrication 

10 

6 

Miscollunoous Machines, 



Sugar CJiading 

25 

15 

Ordinary Bencli Work 

12 

R 

Testing. 



Punches, Pres,scs, Shears, 



Bough 

8 

5 

Stamps, Welders, Spinning, 



Fine 

15 

10 

Fine Bench Work 

15 

10 

Extra Fine Instruirients, 



Tin Plato Inspection 

2.5 

15 

, Scales, etc 

50-100 

26 

Shoe Manufacturing. 



•Textile Mills 



Hand T urning, Miscella- 



(Cotton) — 



neous Bench and Machine 



Opening and Lapping, 



'Work 

12 

8 

Carding, Drawirig-frutne, 



Inspecting and Sorting Raw 



Roving, Dyeing 

8 

5 

Material, Cutting, Lasting 



Spooling, Spinning, Dr.iw- 



and Welting (Light) 

15 

10 

ing-in. Warping, Wi‘aving, 



Inspecting and Sorting 

• 


Quilling, Inspecting, Knit- 



Raw Material, Cutting, 



ting, Slushing (over beam 



Stitching (Drrk) 

50-100 


end) 

12 

8 
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TABLE XXXVIII — 

Present Standards of Foot-Candles op Illumination for 
Industrial Interiors — Concluded 



Foot-Candles 

Recommended 


Foot-Candles 

Recommended 

Good 

Practiee 

Mini- 

mum 

Good 

Practice 

Mini- 

mum 

Textile Mills (Con/.): 



'J'obacco Products 



(Silk)— 



Drying, Stripping, Geiieinl 

3 

2 

WimliiiK, Throwinp, Dyeing 

12 

8 

Cirading and Sorting 

25 

15 

Quilling, Warpnng, Weav- 



Toilet and Wash Rooms 

G 

4 

ing and Finushing — 



Upholstering- 



Light Goodh 

15 

10 

Automobile, Coaeli and 



Dark Gooda 

20 

15 

Furniture 

15 

10 

(Wcxden) — 



Wiirelitnise 

;i 

2 

Carding, Picking, Wiiwhing 



Woodwoi king- 



and Combing 

(1 

1 

Rough Sawing and Rencli 



Twisting and Dyeing 

10 

0 

Work 

8 

5 

Drawing-in, Warping — 



Sizing, Phining, Rough 



Light GfMids 

10 

0 

Sanding, Medium Machine 



Dark Goods 

15 

to 

aiul Ihuicli Woik, Gluing, 



Weaving — 



\ eneenng, CoopiTago 

12 

8 

Light (ioods 

12 

8 

Fine liiTieli and Muehine 

1 


Dark Goods 

20 

12 

Wot king, I'lne Sanding a ml 



Knitting Machines 

15 

10 

Fini.sh 

15 

10 


Room Efficiency and Suitable Reflector 

In order to specify Uic lamp size necessary to provide' the foot-candles 
desired, the first step is to determine the percentage of light emitted by 
the lamp that actually gets down and is useful on the working plane. 
This percentage is called the Co('ffi(;ient of Utilization for the particular 
installation. 

A simple “ watts per square foot ” specification is unreliable unless 
applied with the benefit of experienced judgment of various factors 
which effect the result. Interior finish, size and proportions of the 
room, the type of reflector, and maintenance conditions are variables 
which must be taken into account. Unk'ss due allowance is made for 
each of these the results vary, in many cases 5 to 1 ; in other words, the 
same wattage per square foot might produce Ifi foot-candles under 
certain conditions and onl}- 3 foot-candles undi'i* a combination of 
unfavorable conditions. Coefficient of T^tilization Tables, pages 302- 
305, give the net efficiency result with due regard for the important 
variables noted below. 

Interior Finish. — The paint samples show the percentage of light 
reflected by various colors; the holes in each sample permit convenient 
comparison with actual interior finish. It will be noted that the in- 
fluence of the interior finish is least important with opaque direct light- 



Reflection Factors 

The proportion of light reflected by walls and ceilings of various colors, that 
is, their Reflection Factors, has an import^t bearing on both the natural and 
the artificial lighting. The proportion reflected will depend somewhat upon the 
color of the incident light. TJte figures here given show what proportion of 



No. 1 
White 
I’apcf 



No. 9 

Ivory 

White 

79% 



No. 2 

Gray 

60 % 



No. 10 

Caen 

Stone 


09 






Ko. 11 
I vorj' 

70^', 



No. 4 
< .lay 
49^-;, 



No. 12 


I voi y 
'I'an 



No. 5 

(hay 



No. IS 
['nnnose 
of)' f, 



No () 
Fietuh 
(iray 
lO';, 


%}0r 


No. 1 1 
I .icheii 
Criay 
0 I'V 




No. l.S 

J'e.iil 
Cray 
()()^ , 



No. 8 
Gray 

17% 



No. 10 
Silver Gray 
and Caen 
Stone 


50 ' , 




of Colored Surfaces 

t he light of Mazda lamps these painted surfaces reflect. Reflection Factors are of 
special usefulness in determining the*Coefficient of Utilization (ratio of light de- 
livered at the work to total light of lamps) applicable to an interior. The Re- 
flection Factor of any colored surface can be approximated by comparing it with 
these samples. 


No. 17 

Buff Stone 
iind Pale 
Azure 

4V-;, 



\(). 18 
Buff 




No 1') 
Huff stone 


o 


N(.. 17 

I’ale Azure ' 
and White 
58 ^ 



11-1-.’=; S1712 I’Jl 111 
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FUNDAMENI'AL PRINCIPLES OF ILLUMINATION 


TABLE XXXIX 

Rcx)m Index fob Narrow or Average Rooms 


For Indiropt TdghlLiiK \ 

Use Ceiling Height J 

For Direct Lighting 1 

Use Mounting Height j 

Fer*t 

9 and 

91 

10 tn 
111 

12 to 
13i 

14 to 

m 

17 to 

20 

21 to 

24 

25 to 

30 

Feet 

7 and 

7i 

8 and 

81 

9 and 

10 to 

IH 

12 to 
13i 

14 to 
161 

17 to 

20 

Room Width 
(Feet) 

Uooin Length 
(Feet) 

Uoom Index 



8-10 

1 0 

0 8 

0 6 

0 6 





10 14 

1 0 

0 8 

0 8 

0 6 




9 

14-20 

1 2 

1 0 

0 8 

0 6 

0 6 



(8i-9i) 

20-30 

1 2 

1 2 

1 0 

0 8 

0 6 

0 0 



30-42 

1 r> 

1 2 

1 0 

0 8 

0 6 

0 G 

0 6 


42- up 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 

0 6 


10-14 

1 2 

J 0 

0 8 

0 6 

0 0 




14 20 

1 2 

1 0 

0 8 

0 0 

0 6 

0 G 


10 

20 30 

1 r, 

1 2 

1 0 

0 8 

0 0 

0 0 


(91-lOJ) 

30-12 

1 r, 

1 2 

1 2 

1 0 

0 8 

0 6 

0 6 


42-(,0 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 

0 6 


00 iir, 

2 0 

1 5 

1 a 

1 0 

1 0 

0 8 

0 6 


10-14 

1 2 

1 0 

0 8 

0 8 

0 b 

0 b 



11-20 

I r, 

1 2 

1 0 

0 8 

0 0 

0 0 


12 

20-30 

1 5 

1 2 

1 2 

1 0 

0 8 

0 0 

0 6 

(ll-12i) 

30-12 

2 0 

1 5 

1 2 

1 0 

0 8 

0 0 

0 6 


42-00 

2 0 

1 5 

1 5 

1 2 

1 0 

0 8 

0 6 


00- up 

2 0 

2 0 

1 r, 

1 2 

1 0 

0 8 

0 6 


14-20 

1 5 

1 2 

1 0 

1 0 

0 8 

0 h 

0 6 


20-30 

2 0 

1 5 

1 2 

1 0 

0 8 

0 0 

0 6 

14 

30-42 

2 0 

1 6 

1 3 

1 2 

1 0 

0 8 

0 6 

(13-15i) 

42-00 

2 0 

2 0 

1 3 , 

1 3 

1 0 

0 8 

0 6 


00-90 

2 .5 

2 0 

2 0 1 

1 3 

1 2 

1 0 

0 6 


90 up 

2 r> 1 

2 0 

2 0 I 

1 3 

1 3 

1 2 

0 8 


11-20 

2 0 

1 

1 2 

1 0 

0 8 

0 0 

0 6 


20-30 

2 0 

1 :> 

1 3 

1 2 

1 0 

0 8 

0 6 

17 

30-42 

2 5 

2 0 

1 3 

1 2 

1 0 

1 0 

0 6 

(16-18i) 

12 00 

2 3 

2 0 

2 0 

1 5 

1 2 

1 2 

0 8 


()0-ll0 

2 .'i 

2 0 

2 0 

1 3 

1 2 

1 2 

0 8 


110 up 

3 0 

2 .*> 

2 0 

2 0 

1 3 

1 2 

1 0 


20-30 

1 2 

1 2 0 

1 3 

1 2 

1 0 

0 8 

0 b 


30-12 

' 2 .'i 

1 2 0 

2 0 

J 5 

1 2 

1 0 

0 8 

20 

42-(,0 

0 t; 

2 r, 

2 0 

2 0 

1 5 

1 2 

0 8 

(19-21 J) 

00 -90 

3 0 

2 5 

2 0 

2 0 

] 3 

1 2 

1 0 


90-140 

3 t) 

2 i> 

2 3 

2 0 

1 3 

1 3 

1 0 


1 10-up 

3 0 

2 r, 

2 3 

2 0 

1 3 

1 3 

1 0 


20-30 

2 3 

2 0 

2 0 

1 5 

1 2 

I 0 

0 8 


30-12 

3 0 

2 r, 

2 0 

1 5 

1 2 

1 2 

0 8 

24 

42-tiO 

3 0 

2 3 

2 3 

2 0 

1 5 

1 2 

1 0 

(22-20) 

60-90 

3 0 

2 5 

2 3 

2 0 

1 3 

1 3 

1 0 


90 140 

3 0 

3 0 

2 3 

2 0 

2 0 

1 3 

1 2 


140-up 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 2 


30-42 

3 0 

2 3 

2 3 






42-00 

3 0 

3 0 

2 3 





30 

60-90 

4 0 

3 0 

3 0 





(27-33, 

90-140 

4 0 

3 0 

3 0 






14tM80 

4 0 

3 0 

3 0 






180-up 

4 0 

3 O'. 

3 0 






30-42 

4 0 

3 0 

2 3 






42- GO 

4 0 

3 0 

3 0 





30 

00-90 

5 0 

3 0 

3 0 

Tliese values are given on 

(34-39) 

90-140 

r> 0 

4 0 

3 0 


t)ie opposite page 



140-200 

r, 0 

4 0 

3 0 






200-11 P 

r, 0 

4 0 

3 0 






42-t,0 

5 0 

47) 

3 0 1 






00-90 

5 0 

4 0 

4 0 





40 or more 

90-140 

• r, 0 

4 0 







140-200 

5 0 

5 0 

4 0 






200-up 

5 0 

5 0 

4 0 
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TABLE XXXIX — Continued 

Room Index pou Large High Rooms 





For Indirect Lighting \ 


17 to 

21 to 

25 to 

31 to 

37 to 



Use Ceiling Height J 


20 

24 


36 

60 





FlHit 

For Direct Lighting \ 

10 to 

12 to 

1410 

17 to 

21 to 

25 to 

31 to 

37 to 

Use Mounting Height J 

Hi 

13J 

16i 

20 

24 

30 

30 

50 

Room Width 
(Feet) 

Room Tjcngth 
(Feet) 

Room Index 


14-20 

20-30 









14 

30-42 





0 6 




(13-15i) 

42-60 





0 6 

0 6 




60-90 





0 6 

0 6 




90-up 





0 6 

0 6 




14-20 

20-30 









17 

30-42 





0 6 

0 6 



(16-iaj) 

42-60 





0 6 

0 6 

0 6 



60-110 

These values tire given on 

0 6 

0 6 

0 6 



11 0-up 





0 8 

0 6 

0 6 



20-30 





0 6 





30-42 


the opiMisilc page 


0 6 




20 

42-60 





0 6 

0 6 

0 6 


(19-21i) 

60-90 





0 6 

0 6 

0 6 



90-140 





0 8 

0 8 

0 6 

0 6 


140-up 





1 0 

0 8 


0 6 


20-30 





0 6 

0 6 




3(M2 





0 6 

0 6 



24 

42-00 





0 8 

0 6 

0 6 


(22-2G) 

60-90 





0 8 

0 6 

0.6 

0 6 


90-140 





1 0 

0 8 

0 6 

0 6 


140- up 





1 n 

0 8 

0 8 

0 6 


3{M2 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 

0 6 




2 5 

1 5 

1 5 

1 0 

1 0 

0 8 

0 6 


30 

60-90 

2 5 

2 0 

1 5 

1 2 

1 0 


0 6 

0 6 

(27-33) 

90-140 

2 5 

2 0 

2 0 

1 5 

1 2 


0 8 

0 0 


140-180 

2 5 

2 0 


1 5 

1 2 


0 8 

0 6 


180-up 

2 5 

2 0 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 


30-42 

2 0 

1 5 

1 5 

1 0 

0 8 

0 8 

0 6 



42-60 

2 5 

2 0 

1 5 

1 2 

1.0 

0 8 


0 6 

36 

60-90 

3 0 

2 0 

2 0 

1 5 

1 0 


0 6 

0 6 

(34-39) 

90-140 

3 0 

2 5 

2 0 

1 5 

1.2 

1 0 

0 8 

0 6 


140-200 

3 0 

2 5 

2 0 

1 5 

1 5 

1 2 


0 8 


200-up 

3 0 

2 5 

2 0 

1 5 

1 5 

1 2 


0 8 


42-60 

3 0 

2 0 

1 5 

1 2 

1 0 

■BEE 

0 8 

0 6 

42 

60-90 

3 0 

2 5 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 

90-140 

3 0 

2 5 

2 5 

2 0 

1 5 

1 2 

1 0 

0 6 

(40-45) 

140-200 

3 0 

2 5 

2 5 

2 0 

1 5 

1 2 


0 8 


200-up 

3 0 

2 5 

2 5 

2 0 

1 5 

1 5 

1 2 

0 8 


42-60 

3 0 

2 5 

2 0 

1 5 

1 2 

1 0 

0 8 

0 6 

50 

60-90 

3 0 

3 0 

2 5 

1 5 

1 5 

1 2 

1 0 

0 6 



3 0 

2 5 

2 0 

I 5 

1 5 

1 2 

0 8 

(46-55) 

140-200 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 2 



200-up 

3 0 

3 0 

2 5 

2 0 

2 0 

1 5 

1 2 



60-90 

4 0 

3 0 




■Ei 



60 

90-140 

4 0 

3 0 






1 0 

(5b-67) 

140-200 

4 0 

3 0 






1 0 


200- up 

4 0 

3 0 


■m 




1 0 


60-90 

5 0 

4 0 

3 0 

2 5 

2 0 

1 5 

1 2 

0 8 

75 

90-140 

5 0 

4 0 

3 0 

2 5 

2 0 

1 5 

1 5 


(68-90) 

140-200 

5 0 

4 0 

4 0 

3 0 

/ 2 5 

2 0 

1 5 

1 2 


200-up 

5 0 

4 0 

4 0 

3 0 

2 5 

2 0 

1 5 

1 2 


60-90 

5 0 

4 0 

3 0 

2 5 

2 0 

1 5 

1 2 

■ml 

90 or more 

90-140 

5 0 

5 0 

4 0 

3 0 

2 5 


1 5 

1 2 

140-200 

5 n 

5 0 

4 0 

a 0 

2 5 

2 0 

1 5 

1 2 


200-up 

5 0 

5 0 

4 0 

3 0 

3 0 

2 5 

2 0 

1 5 

































TABLE XL 



302 



















































TABLE XL — Continued 




























































































TABLE XL — Continued 




OPEN 

SEMIMOIIilCT 


flO* lA ISO*— 

0* lo90"— 6;t 


00' 10 ISO'— SBJl 
o' lo 90’— lOJt 



90* to ISO*— 80% 
O' to 90*— 0% 
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Lamp Size — Lumen Output Required 

TABLE XLI 

CoMPTTTED Illumination Values 

In this table the actual foot-candles have been worked out for many different 
cases, assuming the average foot-candles in service to be 70 per cent of the initial 
illumination. 
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TABLE XLI — Continued 
Computed Illumination Values 

After the layout has been made and the coefficient of utilization determined, 
the foot-candles produced by various sizes of lamps can be obtained directly 
from this table. 


Coefficient of Utilization 
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Procedure 

To Determine the Coefficient of Utilization for the Installation 
Refer to Table XXXIX — Room Index, wliich classifies the room 
according to its proportions. From this table find the Room Index 
which corresponds most nearly to the dimensions of the installation. 
Apply this in the use of ’'Fable XL. 

Refer to Table XL — Coefficients of Utilization. — The Coefficient of 
Utilization for the installation of the type of lighting unit selected will 
be found in the proper column of wall and ceiling color, opposite the 
correct Room Index. 


Formulas for Computing Lamp Size 

After the outlets have been located on th(' plan, the size of lamp to be 
used may be determined by tlie following calculation: 


A Area in Square Feet _ Total Floor Area in Square Feet 
per Outlet Number of Outlets 


B 


Lamp Lumens 
Required per 
Square Foot 


Foot~Candles 

Coefficient Probable Average Illumination 
of X in Per Cent of Initial 
Utilization Illumination 


Lamp Lumens Area in Square Feet Lamp Lumens Required 
C Required per = per Outlet X per Square Foot 
Outlet (From A) (From B) 


Foot-Candles. — Selected from Table XXXVIII. 
Coefficient of Utilization. ” See Table XL. 


Having determined the lamp lumens re(piired p(T outlet by the above 
calculations, the wattage of lamps to be used may bo found by reference 
to Table XLII, which is a typicalMist giving the lumen output rat- 
ing for each size of clear and Idue-lmlb lamps. Locate in this table the 
size of laiiij) of the desirc^d t> pe which most nearly meets the require- 
ments of lumen output. When the lamp lumens required fall nearly 
midway between two sizes, it will usually be found best to choose the 
larger size. 
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TABLE XLII 

Lumen Output of Multiple Lamps 


110-115-120 Volt 

110-115-120 Volt 

220-230-240-250 Volt 

Standard Lighting Service 

Standard Lighting Service 

Service 

Clear Lamps 

Blue-bulb T^mpn 

Clear Lamps 

Size of Lamp 

Lumen 

Size of Lump 

Lumen 

Size of Lump 

Lumen 

in Watts 

Output 

in Watts 

Output 

III Watts 

Output 

100 

1350 

100 

900 

100 

1040 

150 

2300 

150 

1500 






2100 

200 

2700 


5300 


3500 

300 

4300 




6200 

500 

8100 


14800 



750 

13000 

1000 

21000 



1000 

18200 


Maintenance. — Dirty reflectors, walls and ceilings darkened by 
smoke and dust, blackened lamps left in service as long as they continue 
to burn, empty sockets, unobserved burn-outs and replacements with 
lamps of wrong size or improper voltage rating are prime causes of 
inadequate illumination. 

There are two methods by which the maintenance of nny selected 
value of intensity can be assured: First, by allowing for an enormous 
depreciation in the light and ( onsequently using much larger lamps than 
would ordinarily be considered necessary; and seiuind, by maintaining 
the system properly and allowing for reasonable depreciation. The 
second, or practical, method involves: 

1 . The use of a depreciation factor, or factor of safety, in the original 
design of the system to insure adequate illumination when the system 
has depreciated a normal amount; 

2. The cleaning of lighting units at frequent regular intervals; 

3. The replacement of lamps which have become blackened in service 
by abnormally long life; 

4. The us(i of lamps of the correct voltage rating for all replacements; 

T). The refinishing of ceilings and walls at reasonable intervals. 

The purpose of the depreciation factor is to insure adequate illumina- 
tion when the installation shows maximun/ depreciation under the 
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system of cleaning adopted. For example, where units are cleaned and 
iAspected every three weeks, the illumination just before cleaning may 
be 15 per cent lower than immediately after. Furthermore, the ceiling 
and walls will gradually become darkened, so that the illumination at 
the end of a year, even with the lighting units thoroughly cleaned and 
the lamps in excellent condition, will be materially lower than when 
the installation was new. In order to insure that the illumination 
will at no time be inadequate, it is necessary to add a suitable amount 
to the intensity considered desirable and to design for this larger 
amount. 

The amount which should be added to the intensity considered ade- 
quate, or — what amounts to the same thing — th(^ factor by which the 
intensity considered adequate should be multiplied, to insure proper 
illumination at all times, depends upon the specific conditions surround- 
ing any particular installation. In general, when installed in relatively 
favorable locations, open reflector units show a depreciation which 
ranges from 10 per cent to 25 per cent in four weeks’ time. Where 
excessive smoke and dust are the rule, the depreciation over the same 
period may be as high as 40 per cent. The depreciation of ceilings and 
walls depends not only upon the characteristics of the location, i.e., 
whether clean or dirty, but upon their original color as well. The only 
factor whitdi is not affecjted by location is the depreciation of lamps with 
burning. Cl as-filled tungsten lamps average about 95 per cent of their 
initial light output throughout life; the output at the end of rated life is 
usually about 92 per cent of initial and where there are only one or two 
lamps in a room, lamp depreciation must be based upon this figure rather 
than upon the average output. While the total depreciation of lighting 
systems over a given peuiod will, of course, vary widely, experience has 
shown that a factor of 80 p(^r cent for very clean locations and very clean 
operations, and a factor of GO for dirty locations and relatively dirty 
operations, may be used with assurance of satisfactory results, 'provided 
— and this is of the greatest importance — that a schedule of regular and 
frequent cleaning be adopted and adhered to. (See Table XL.) 


Cost of Light 

Estimating the Cost. — In determining the total operating cost of 
any system of lighting, three items should be considered; 

1 . Fixed charges, which include interest on the investments, insurance 
and taxes, depreciation of permanent parts, regular attendance, and 
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other expenses which are independent of the number of hours of use. 
Often this item forms a large part of the total operating expense; yet 
it is only too frequently omitted from cost tables. 

2. Maintenance charges, which include renewal of parts, labor and 
all costs, except the cost of energy, which depends upon the hours of 
burning. 

3. The cost of energy, which depends upon the hours of burning and 
the rate charged. 

If data are compiled under these heads in convenient units — for 
example, under the first head, an annual charge; under the second, a 
charge per 1000 hours’ operation; under the third, a charge per 1000 
hours’ operation at unit cost of energy — the several items may easily 
be calculated for any given set of conditions and the total annual 
operating cost of any lighting system obtained as their sum. 

Under fixed charges, the items of depreciation and attendance may 
be mentioned particularly. Depreciation should be charged on per- 
manent parts only, and not upon parts the renewal of which is provided 
for in the maintenance cost. The rate for depreciation should in many 
cases be higher than the current practice, for obsolescence, rather than 
the wearing out of parts, determines the life of a lighting system. There 
are [many installations in use today which are in good order and giv- 
ing a fair measure of satisfaction, but which could be replaced at a 
large saving. In fact., there are few installations in this country which 
have been in use for seven or eight years which are not practically 
obsolete. 

Again, too much emphasis cannot be given to the desirability of 
regular attendance for those illumiiiants which do not require trimming 
from time to time. As has been said, it is essential for satisfactory 
operation that such lamps and reflectors be cleaned at regular intervals; 
hence a fixed charge should always bo included in this service. Lamps 
which recpiire frequent trimming are (deaned at the same time, and the 
cost is includ(xl untler the maintenance charge. 

The energy cost can usually be readily computed, but will, in the 
case of some elecdric illuminants, depend upon the voltage of the circuit, 
since this determines either the wattage or the powcr-facdor. The effect 
of power-factor is s(ddom considered, although it governs the investment 
in generators, transformers and wiring, and in a small degree the energy 
required. To the central station or isolated plant, the volt-amperes 
required by a given lamp arc perhaps as close a measure of the cost of 
service as the actual wattage consumed. When the consumer is pur- 
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chasing energy on a kilowatt-hour basis, this factor, of course, is elimi- 
nated as far as he is concerned. 

A table which would show the total operating expense of lamps of 
all sizes with every discount from the list prices, for all possible periods 
of burning per year and under all costs of power, would be so large as to 
be entirely impractical. From Table XLIII, however, the operating 
expense of incandescent lamps under any set of conditions may be found 
with little calculation. 

In the case of an incandescent system, in addition to the wiring, the 
investment includes the cost of lamps, reflectors, holders and sockets. 
The investment in permanent parts is the total investment minus the 
price of lamps. No depreciation is charged against the lamps inasmuch 
as they are regularly renewed. The labor item under fixed charges 
provides for the cleaning of all units once each month. For the 
smaller units with steel reflectors, the cost of cleaning in Table XLIII 
is taken as 4.5 cents per unit for each cleaning. Data obtained from 
installations where accurate cost records are kept show that this fig- 
ure is conservative for labor at 45 cents an hour. The cost of clean- 
ing other reflectors is taken in proportion to the amount of labor 
required. 

The maintenance charge is given for a 1000-hour period of burning. 
To find the annual charges in any case, it is necessary to multiply by the 
total hours of burning and to divide by 1000 hours. 

The energy cost is given for a lOOO-hour period, with energy at 1 cent 
per kilowatt-hour. The energy cost per year is found by multiplying 
by the time of burning in thousands of hours and the rate in cents per 
kilowatt-hour. 

An example will illustrate the use of Table XIJTI. It is required to 
find the total operating expemse per year for lighting an erecting room. 
This room is lighted with 22 1000- watt, gas-filled tungsten lamps. The 
lamps are burned a total of 4000 hours per year and are purchased at 
the discount obtained on a $1200 contract. The cost of energy is 2 
cents per Idlowatt-hour. 

From Table XLIII we obtain the following: 


Fixed charges . . • . 

. $ 2.03 

Maintenance 4.000 X S5.475. 

21.90 

Energy 4 000 X 2 X $10 

80.00 

Total co.st per unit 

$ 103.93 

Total cosJt for system 

2286.46 



Lamp and Reflector Data Upon Which Costs are Calculated 
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• The prices of lamps and reflectors upon which calculations of this table are based are approximate; they are used h«^e solely for convenience in «nginiM»riTig walMilntipna . 
I* Discounts range from 10 per cent to 40 per cent, d^iending upon the quantity of lamps ordered. 



TABLE XLIII. — Concluded 

Total Annual Operating Costs — 110- to 125- Volt Tungsten Lamp Units 
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Gas Filled 

I 

S18 62 

28 62 

38 62 

48 62 

58 62 

68 62 

88 62 
108 62 

17 87 

27 87 
37.87 

47 87 

57 87 

67 87 

87 87 
107 87 

67 29 

87 29 
107 29 
147.29 
187 29 

64 29 
! 84 29 
104.29 
144 29 
184 29 

g 

115 23 
22 73 
30 23 
37 73 
45 23 
52 73 
67 73 
82 73 

14 58 
22 08 
29 58 i 
37 08 
44 58 
52 08 
67 08 
82 08 

53 92 
68 92 
83 92 
113 92 
143 92 

51 32 
66 32 
81 32 
111 32 
141 32 


$10 94 
15 94 
20.94 
25 94 
30 94 
35 94 
45 94 
55 94 

10 47 
15 47 
20 47 
25 47 
30 47 
35 47 
45 47 
55.47 

37 64 
47 64 
57 64 
77 64 
97 64 

35 76 
45 76 
55 76 
75 76 
95 76 

3 

1 1 9 58 
13 58 

17.58 

21.58 
25 58 
29 58 
37 58 

j 45 58 

9 15 
13 15 
17 15 
21 15 
23 15 
29 15 
37 15 
45 13 

32 29 
40 29 
48 29 
64 29 
80 29 

30 57 
38 57 
46 57 
62 57 
78 57 

I 

S 7 39 
10 39 
13 39 
16 39 
;9 39 
22 39 

1 28 39 
34 39 

7 06 
10 06 
13 06 
16 06 
49 06 
22 06 
28 06 
34 06 

24 48 
30 48 
36 48 
48 48 
60 48 

23 18 
29 18 
35 18 
47 18 
59 18 

g 

$ 5 35 

7 35 

9 35 
11 35 
13 35 

1 15 35 
19 35 
23 35 

5 13 

7 13 

9 13 

11 13 
13 13 
15 13 
19 13 
23 13 

1 16 83 
20 83 
24 83 
32 83 

40 83 

15 95 
. 19 95 
23 95 
31 95 
39 95 

g 

1 3 93 

5 43 

6 93 

8 43 

9 93 

11 43 

14 43 

17 43 

3 76 

5 26 

6 76 

8 26 

9 76 

11 26 

14 26 

17 26 

12 54 

15 54 

18 54 

24 54 

30 54 

11 88 

14 88 

17 88 

23 88 

29 88 

8 

$ 2 94 

3 94 

4 94 

5 94 

6 94 

7 94 

9 94 

11 94 

2 83 

3 83 

4 S3 

5 83 

6 83 

7 83 

9 83 

11 83 

1 8 68 

10 68 

12 68 

16 68 

20 68 

8 24 

10 24 

12 24 

16 24 

20 24 


$ 2 32 

3 07 

3 82 

4 57 

5 32 

6 07 

7 57 

9 07 

2 25 

3 00 

3 75 

4 50 

5 25 

6 00 

7 50 

9 00 

6 31 

7 81 

9 31 

12 31 

15 31 

6 03 

7 53 

9 03 

12 03 

15 03 

Vacuum 

8 

$ 1 81 

2 41 

3 01 

3 61 

4 21 

4.81 

6 01 

7 21 

1 77 

2 37 

2 97 

3 57 

4 17 

4 77 

5 97 

7 17 

4 61 

5 81 

01 

9 41 

11 81 

4 45 

5 65 

6 85 

9 25 

11 65 

S 

1 1 67 

2 17 
i 2 67 

3 17 

3 67 

4 17 

5 17 

6 17 

1 63 

2 13 

2 63 

3 13 

3 63 

4 13 

5 13 

6 13 

4 04 

5 04 

6 04 

8 04 

10 04 

s s s s s 

CO IN lO t'- 0» 

8 

$ 1 57 

1 97 

2 37 

2 77 

3 17 

3 57 

4 37 

5 17 

1 53 

1 93 

2 33 

2 73 

3 13 

3 53 

4 33 

5 13 

3 64 

4 44 

5 24 

6 84 

8 44 

3 50 

4 30 

5 10 

6 70 

8 30 


1 1 42 

1 67 

1 92 

2 17 

2 42 

2 67 

3 17 

3 67 

1 

1 38 

1 63 

1 88 

2 13 

2 38 

2 63 

3 13 

3 63 ! 

3 04 

3 54 

4 04 

5 04 

6 04 

2 90 

3 40 

3 90 

4 90 

5 90 


1 cent 

2 cents 

3 cents 

4 cents 

5 cents 

6 cents 

8 cents 

10 cents 

1 cent 

2 cents 

3 cents 

4 cents 

5 cents 

6 cents 

8 cents 

10 cents 

1 , 

1 cent 

U cents 

2 cents 

3 cents 

4 cents 

1 cent 

IJ cents 

2 cents 

3 cents 

4 cents 

Size of Lamp 

Rated Watts 

Eilergy at , . 

1000 hours operation per 
year. 

Lamps bought on $150 con- 
tract. ^ 

Energy at 

1000 hours operation per 
year 

Lamps bought on $1200 con- 
tract. 

1 

1 

Energy at . ] 

4000 hours opeiation per ( 
year. [ 

I^amps bought on $150 con- 
tract. 

1 

Energy at . J 

4000 hours operation per 
year. [ 

Lamps bought on $1200 con 
tract. 
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In Table XLIII are included annual operating costs which have been 
calculated for a number of cases frequently met in practice. 

PROBLEMS ON FUNDAMENTAL PRINCIPLES OF ILLUMINATION 

1. Detpnnino the total nunilior of lumens per outlet required to light a rectangular 
woodworking room to an intensity of 4 foot-candles. The dimensions of the room 
are 100 ft. by GO f(.., ceiling height 20 ft. Assume a depreciation factor of 1.25 and 
18 outlets. Show how to arrive at the ci^efficients of utilization if the standard 
R L M dome with clear lamp is used. Lamps are to be mounted 15 ft. above the 
plane of work, which is 8.5 ft. above the floor. Ceiling and walls are of medium 
color. State proper type and size of lamp to install. 

2. Design a lighting system for a foundry 60 ft. by 200 ft.; bottom of roof trusses 
28 ft. above the floor and 20 ft. apart; height to top of crane, 24 ft. Locate the 
units and show all calculations. Give reasons for choice of reflectors, 

3. Given the plan of a general office as follows: 60 ft. by 50 ft., with two doors on 
the 50 ft. side; two supporting posts, 18 in. in diameter, placed symmetrically 20 ft. 
apart and 25 fi. from the long wall; ceiling height, 10.5 ft., light in finish and free 
from beams; side walls fairly light finish. Recommend the foot-candle illumination 
and type of fixture, giving reasons; make a sketch showing location of outlets, 
indicating the spacing distance; give hanging height of unit, size of lamp required 
and type of bulb, and actual foot-candle illumination resulting from lamp just stated 
as required. 

4. Will the coefficient of utilization for R L M reflectors and tungsten lamps be 
the same m a room 15 ft. by 15 ft. by 15 ft. as in a room 40 ft. high, 100 ft. long and 
75 ft. wide? Give reasons for answer. 
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CHAPTER VI 

LIGHT, SHADE AND COLOR 

[M. Luckiesh] 

Principles 

Vision. — Vision is accomplished by distingnishing differences in 
brightness and in color. Any scene is focused upon the retina as a 
miniature image in light, shade and (^olor. Light not only illuminates 
objects; it models and colors them. Therefore, in a broad sense, the 
lighting expert must be acquainted with the details of light, color, 
lighting, vision and the (diaracteristics of objects. A knowledge of 
these details involves physical measurements, the physiology of vision, 
the psychology of perception, and aesthetics. Visual acuity, the mini- 
mum perceptible brightness-difference, and differences in hue and 
in saturation also play a promimmt part in vision. The last named 
are influenced very much by the spectral (character of the illuminant. 

Characteristics of Objects. — The appearance of an object depends 
upon its own charact(jristi^;s as well as upon the lighting. A perfect 
mirror and an object having perfectly diffuse reflection show the two 
extremes, resp(H*tiveIy, of spccailar and diffuse reflection. Similarly 
for transmitting media, the two extremes arc represented respectively 
by perfc(;tly transpanmt and diffusing media. 

Shadows. — The men-sur(»ment of intensity of illumination in terms 
of foot-candles is a mucli better means of appraising the lighting of 
a plane, such as a page of reading matter, than of three-dimensional 
objects. In general, seeing involves the recognition of three-dimen- 
sional objects and this is particularly the (;asc in many industrial 
processes. Therefore, the study of shadows is of great importance in 
lighting. 

The direction of a shadow is determined by the position of the dom- 
inant light source. The character of the edge of the shadow depends 
upon the solid angle subtended by the' light source at the shadow- 
producing edge. The brightness of the shadow depends upon the 
amount of indirect or scattered light and upon the reflection-factor 
of the surface upon which the shadow is cast. The character of shadows 
depends upon the lighting unit and upon the so-called system ” of 
lighting. 
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The most satisfactory seeing usually occurs under conditions of a 
single predominant light source and some indirect light reflected from 
the surroundings. The sun, owing to its great distance, is a light 
source of small solid angle. For this reason shadows outdoors on a 
clear day are sharply defined. However, their harshness is relieved 
to some extent by the large per(ieiitag(i of skylight. On an average 
clear day the total sky contributes about 20 per cent of the total light 
reaching a horizontal plane at noon. Indoors the amount of indirect 
light — that is, the light reaching the shadows — is often considerably 
less than that found outdoors. One of the annoying conditions in 
lighting is a multiplicity of shadows of about the same degree of bright- 
ness. In most cases satisfactory s('eing of three-dimensional objects 
demands a dominating light source. 

Scale of Values. — l"he term “ value ’’ may be borrowed from the 
artist to designate the brightness component of a color. In lighting, 
relative brightness is as important as absolute brightness. The latter 
is of importance from the viewpoint of glare and of certain pliysio- 
logical phenomena of vision. In judging some other aspects of seeing 
and especially in appraising the aesthetic aspect of an interior, relative 
brightnesses, or values, arc of primary importance. There has been 
no standardization of the scale of values which the artist employs, 
but a suggested standardization is indicated below. 


Artist’s 

Scale 

SudoESTEi) Scale 

Symbols 

Valves 

Reflect ion~J actors 

B 

black 

0-10 per (MMit 

LD 

low dark 

10-20 per cent 

D 

dark 

20-.‘}() ])er cc'nt 

HD 

high dark 

30-40 per cent 

M 

niodiilni 

40 - .50 per (;ent 

LL 

low light 

50 -00 jicr cent 

L 

light 

00-70 per cent 

HL 

high light 

70-80 f)cr cent 

W 

white 

80-90 j)(‘r cent 


The artist has used nine values, and fortunately the reflection- 
factors of commercial pigments and other media are smdi that it is 
possible to standardize such a scale. Black and white' as actually 
found are merely relative terms, and sonic allowaiK'e must be made 
for this fact in using the suggested scale. It miglit be advantageous 
for the lighting expert to adofit tlu'se terms in ordcu* that he may readily 
describe the decorative scheme of a room. 

The blackest ” pigments and other media, as ordinarily used, re- 
flect several per cent, and the “ whitest pigments or other media, 
less than 90 per cent of the incident light. Thus, it is seen that the 
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range of contrast represented by the decorator^s media is usually about 
one to thirty. The sc(;ondary or reflected light has limitations. • 

Terminology of Color. — The color names now in general use are 
unsatisfactory because they are unwieldy and uncertain in conveying 
a description. Tlu'y have no scaentificj basis and in this respect they 
are almost meaningless. The data furnished by the spectrophotometer 
should l)e more widely disseminated and utilized, but further color 
notation is also necessary. The notation should be such as to bring 
to the mind an imago of the color as it appe^ars to the eye. The data 
yielded by the monochromatif; (‘olorimetcr appears most satisfactory for 
this purpose. The following definitions may make the matter clearer. 

Quality of luminous flux is that property of luminous flux determined 
by its spectral distribution. Such data are obtained by means of the 
spectrophotometer. 

Color of luminous flux is the subjective evaluation by the eye of the 
quality of luminous flux. Any color can be expressed in terms of its 
hue, saturation and brightness, inflection-factor or “ value. There 
is no simph' relation between color and quality of luminous flux. Many 
colors whi(;h appear the same to the eye may differ widedy in quality 
or spe(;tral distribution. However, identical sjx'ctral distributions or 
qualities result always in th(' same color as appraised by the eye. 

Hue is that property of color by which the various spectral regions 
are characteristically distinguished. All colors excejit purples and 
white may i)t' matched in hue with spectral colors. In the case of a 
purple, the sfiectral hue which is complementary to the given hue is 
ordinarily used for scientific! designation. 

In many cases the hue is directly apparent in the name of a color; 
but there are a gn^at many color names in daily use which arc burden- 
some owiiig to th(' lack of any suggestion of hue. Tlu' hue of a color 
is determined by comparing Hk' color directly with sf)cctral colors. If 
a match in hue be made betwecui a given color and a spectral hue at 
ecjual brightnessc's, in gcuunal it will be found that the two colors do 
not yet a])pcar alike*. The difference! is account ( hI for by the difference 
in saturation. 

Two hues are cample me tikinj if when mixed they produce white. 
White may be considered as a color having no hue. By the mixture of 
luminous fluxes of two or nion* hues, properly chosen both as to hue and 
intensity, a resultant luminous flux may be obtained which has the 
color white. Whenever luminous fluxes of two or more hues are mixed, 
the resultant luminous flux, though it may have some dominant hue, 
will ordinarily be evaluated subjectively as having an admixture of 
white. 
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Saturation of a color is its degree of freedom from admixture with 
white. Monochromatic spectral light may be considered, for purposes 
of measurement, as having a saturation of 100 per cent. As white light 
is added, the saturation decreases, until, when the hue entirely dis- 
appears, the saturation is zero. White, therefore, is the limiting color 
having no hue and zero saturation. 

A tint is produced by mixing white light with a spectral hue. That 
is, all unsaturated (;olors of a certain dominant hue are tints of the 
completely saturated color or specjtral hue. Tints, then, are colors of 
partial saturation. 

Brightness of a color may be expressed in terms of lamberts or in 
terms of relative brightness. For reflecting media the relative bright- 
ness may be expressed in terms of reflection-factor or “ value.” 

A shade is produced by de(;reasing the brightness of a color. In 
the case of pigments, for example, the addition of varioTis quantities 
of a perfect black results in the production of various shades of the 
color. 

Notation of a Color. — It is not difficult to visualize the dominant 
hue in terms of specjtral hues after n little^ acquaintance with the latter. 
The hue is specified in wave-lengths of light. It is not so easy to esti- 
mate the degree of saturrition or percentage of whiter but this is less 
important in general tlian hue and it can be visualized sufficiently 
closely for practi(^al purposes. Relative brightness, or reflection-factor, 
can be visualized in terms of the value-scale discussed in a previous 
paragraph. 

A sequence of symbols, such as II : S : B, may be used in describing 
the color of a luminous flux, where II is the hu(*, S is the saturation, 
and B is the brightness (relatives or absolute'). Thus a medium-gray 
paper illuminated by tlie light of a caiulle flame (or a colored paper of 
the same appearanc(') may bo expressed as 0.593 : 87 : 45. The first 
number is the wave-length of the dominant hue in ten ns of g; the 
second is the percentage of saturation; the third is tlu^ value, or reflec- 
tion-factor. 

Analysis of Color. — In general, the light which reaches the eye 
directly from primarj^ light sources, or is reflected from objects, is 
colored. Colorless light — white light — is the rare exception and 
there is no general agreement iji this respect. Tlwire arc various ways 
of analyzing or measuring color. The most analytic^al method is that 
of the spectrophotometer, by means of whic^h the relative amounts of 
radiant energy of various wave-lengths arc determined. The result is 
the spectrophotometric curve ” which is very useful to those skilled 
in interpreting it. By this means, illuminants and reflecting and trans- 
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mitting media are analyzed as to spectral characteristics. In Fig. 116 
are presented the spectrophotometric curves of various common iliu- 
minants. 



A — Korosono IHaino. 

B — C\‘ir})oii Filament (3.1 w.p.rn.h.c.). 

C — Acetylene. 

D — Tungsten Filament (7.0 lumens per watt). 
E — Tungsten Filament (22 lumens jter watt). 
F — Ineandcs(?ent Gas Mantle. 

G — Sunlight. • 

H — Skylight. 

Short Vertical Lines Mercury Aic. 
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Other instruments for the measurement and analysis of color are in 
gejjieral synthetic ; that is, they measure in terms of the appearance, or 
of the mixture, of certain standards. The eye is synthetic in its opera- 
tion, seeing white without analyzing it into any of the vast number of 
hues, mixed in various proportions, which may compose it. White can 
be made by a great variety of mixtures of different (components, such as 
yellow and blue; red, green and blue; purple and green; violet, blue, 
green, yellow, orange and red. 

There are many tintometers which measure color in terms of arbitrary 
standards. The latter may be (*olored glasses, gelatine filters, solutions, 
etc. Those are useful in the industries but are not of much value 
elsewhere. 

The trichromatic colorimeter measures (color in terms of red, green 
and blue. It is a well-known fact that a mixture of lights of these three 
primary (colors in various proportions will rnat(ch any color. Various 
sets of these pri mark's are possible. This is a disadvantage because 
the primaries cannot be easily specified. The results of this instrument 
may be presented in terms of the physical mixtures or in terms of sensa- 
tion values. The light of a candle flame would be analyzed in sensation 
values approximately as red, 55 per c(crit; green, 40 per cent; blue, 
5 per cent. 

The monociiromatic colorimeter is the most satisfactory colorimeter 
for analyzing color in terms of what the eye se('s in appraising the color. 
By means of this instrument color is [inalyzed into hue, saturation and 
brightness. Tluc dominant hue is c()m])ared with the spectrum and is 
specified in terms of wave-length. The sp(cetrum is a ready-to-use 
invariable standard for this ])urj>ose. Aft it a si)eetral hue is chosen 
which corresi)onds to the dominant hue of the color, the former is mixed 
with white light until the })roi)er degnee of saturation is rca(ched. In 
this case the spe(ctral hiu's are eonsid(cred to be completely sat-urated; 
tliat is, of 100 per cent saturation. If white light comprises 40 per cent 
of the resulting mixture, the (*olor is said to be of 00 per (cent saturation. 
The brightness factor is measured by a photom(ctri(c method, and is 
usually given as reflection-factor. Purples — for which no spectral hue 
is available — are usually measured by this method in berms of the 
complementary hiae — a green. A disadvantage of tliis method at the 
present time is the lack of a standardized white light which can be 
readily reprodmeed. Clear noon sunlight api)cars to be a satisfactory 
white and it is fairly constant over various parts of th(c world. However, 
there arc obvious difficulties in its use. 

By this method the liglft. of a candle flame would be indicated as 
having a hue correspqnding to 0.593g and a saturation of 87 per cent. 
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Sometimes the latter would be given as 13 per cent white. In this case 
the brightness factor depends upon whether the flame or an illuminated 
white surface is under consideration. 

Graphical Representation. — The results obtained by means of the 
trichromatic colorimeter may be plotted in tri-linear coordinates, there 
being three quantities corresponding to the relative amounts of the 
three components, namely, red, green and blue. The geometrical 
figure is an ec^uilateral triangle, each side forming a base line for the 
component indicated by the opi)osite apex. The vertical distance 
between the base line and the apex may be divided into a hundred equal 
parts, and a distance as measured from the base line to the apex 
represents graphically tlu^ proportion of that particular component. 

By using this color triangle as a base and erecting a double pyramid, 
all colors may be represented, including all tints (to white at one apex) 
and all shades (to black at the other apex). 

There are various possible ways to represent the results obtained by 
means of the mono(‘hromatic colorimeter but none is in use at present. 

Color Mixture. — In many applications of (‘olor in lighting, the prin- 
ciples of color mixture may be utilized. The gi’eatest difficulties have 
been encountered perhaps tlu*ough the confusion of th(^ fuimary colors. 
There are three general methods of color mixture, namely, the additive, 
the subtractive and the juxtapositional, which is a special form of the 
additive method. Many applications of color mixture involve both 
methods. 

Matching a color in hue by a proper mixture of three primary colors, 
such as red, green and blue, is termed the additive method. Many 
sets of primary colors can be used, and a satisfactory set (^an be deter- 
mined by experiment. In order to obtain these primary (colors it is 
generally necessary to subtract certain colored rays from the illuminant, 
usually by colored screens. The latter is an example of the subtractive 
method and is the one employed in the mixture of pigments. It may 
be demonstrated by superposing colored glasses or other filters. 

The subtractive primaries are commonly considered to be red, yellow 
and blue, but in reality they are purple, yellow aiul l)Iue-green. 

From the former set, puri)le, for example, cannot be obtained sub- 
tractively. The two methods and their relations may be expressed as 
follows : 

Red + Blue = Purple, 

Green + Red = Yellow, 

Blue + Green = Blue-green. 

It will be noted that the results in the foregoing addition of lights are 
the subtractive primaries and that the^latter are eomplementaries of the 
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additive primaries. By transposing any of the quantities from the left- 
hand member of the equations, subtractive combinations are obtained 
and their results become obvious. The tendency of additive mixtures 
is toward white; the tendency of subtractive mixtures is toward black. 

It is seen that the results of the additive method are those of true 
addition of light. The juxtaj)ositional method is exemplified by stain- 
ing one edge of a pack of whit(^ cards red and the opposite edge green. 
After alternate cards arc reversed in such a manner that an edge of 
the pack consists of red and green narrow strips, this edge when viewed 
at a distan(*e will appear yellow. That is, the results are the same, alS 
to hue, as those obtained by means of the additive method. However, 
the brightness is not ecpial to the fium of the two -- reel and green — 
but is the average of the two. The jiixtapositional method of color 
mixture is exemplified in t('xliles, in certain processes of color photog- 
raphy, and in lighting by means of (‘olor screens made up of juxtaposed 
colored filters. This method is sometimes useful in making colored 
screens for lighting purposes. It can be demonstrated by mixing colors 
by means of colored sectors on rotating disks. 

Color and Vision. — Th(i visual phenomena of color have been very 
extensively studied; yet thcrc^ remains a vast unex])lorcd unknown. 
Many of the problems pertaining to color which arise in lighting 
practice can Ije solved, or at least can be l>etter understood, by apply- 
ing present knowledge pertaining to color and vision. A few of the 
mo<t important phenomena wall be brkdly descaibed. 

Simultaneous Contrast. — Cblors mutually affect each other when 
viewed simultaneously, the magnitude of the influence Ixung greatest 
when the (colors are^in juxtaposition. The phenomena may be divided 
into two general parts, namely, hue-contrast and brightness-contrast. 
As these two influences are usually at work simultaneously, it requires 
keen analysis to diagnose a particular case. Tliey an? imf)ortant in 
the appearance of colored objects and must be credited with supplying 
a great deal of beauty to all vari-colored objects. An (?xccllcnt demon- 
stration can be made by placing a piece of wliite (cardboard against a 
colored background. The former will appear of a dcli(?ate tint whose 
dominant hue is ai)j)roxima,tely comjdcmeiitary to that of the colored 
environment. 

Growth and Decay of Color Sensation. — The various color sensations 
do not rise to full vahn? immediately upon presentation of the* stimuli 
and likewise they do not de(;ay to zero immediately upon cessation of 
the stimuli. Further, the different color sensations rise and fall at 
different rates. Of the red* green and blue sensations, the green is the 
most sluggish and the. blue the most active. 



EXPRESSIVENESS OF LIGHT 325 

After-images. — After a stimulus of a color sensation is removed, 
the sensation persists for some time, the length of time depending upoji 
the color. This persistence of the sensation is one type of an after- 
image. During its decay its appearance continually changes. 

Visual Acuity. — It has been proved that visual acuity, or the 
ability to distinguish fine detail, is better in mono(^hromatic light than 
in light of extended spectral cliarac^ter. The effect is not so marked for 
ordinary seeing; yet details, such as letters on an ordinary printed 
page, do aj)pear better defined under monochromatic light. In other 
words, for ecpial discrimination or clearness of n page of type, lower 
intensiti(^s of illumination are required with light approaching mono- 
chromatism than with light having a more cxtendful spectral (;haracter. 
Results obtained with a yellow light whose sjM'ctral character could 
be so altered as to apj^roach more and more toward monochromatism 
indicate that the incrciase in defining power in this case approximately 
offsets the of)posit(^ ('ffect due to the attendant decreasing illumination. 

Applications. — It ai)pcars desirable from an analytical viewpoint 
to divide the problem of lighting into two parts, namely that which 
involves light and shade or distribution of brightness, and that which 
involves color. In d(‘alirig with the first part, one is concerned with 
the distribution of liglit; and with the second part, with the spectral 
character or quality of light. Sometimes these two phases are intri- 
cately interwoven but there is much advantage in general in consider- 
ing them sc})arately, especially if it be granted that lighting should(|)e 
considered broadly from the viewpoint of the expression or mood of a 
room, the appearance of obj('cts, satisfactory seeing, etc. 

Expressiveness of Light. — The art of the (k'corator has been recog- 
nized for centuries but, strangely, it has not Ix'en appreciated that 
lighw in the hands of the lighting artist has greater potentiality than 
the decorator\s media. As the decorator must dei)end upon reflected 
light, the mood or expression whi(di he strives to obtain in a room also 
depends upon light. Therefore, lighting has ex])ressive possibilities. 
In fact, various moods or (expressions in a given room can be obtained 
by varying the distribution and (juality of light. If light is considered 
as a medium similar to, but more powerful than, the pigments and 
other media of the d(M;orating artist, its great potentiality will be 
appreciated, i)articularly if lighting fixtures are considered as a means 
to an end and if lighting (effects are l onsidered primarily. Decoration 
consists of lights, shades and colors. This is true of lighting effects. 
Architectural details, avails and ceilings, paintings and furnishings owe 
their visibility to light and their appearance* to lighting. Their com- 
posite effects are responsible for the final expression of the interior or 
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exterior. That these are great truths in lighting can be determined 
by observation and most emphatically by experiment. 

The mobility of artificial light — it comes and goes at the pressure 
of a switch — is a property which it does not share with the decorator^s 
media. 

Psychology of Light. — The definite data on the psychology of color 
arc so meager that it is difficult to treat the subject briefly; therefore, 
only a few general statements will be incorporated here. It appears 
quite probable that at some future time the language of color will be 
generally understood. 

There is general agreement in classifying colors into warm and cold 
groups. Spectrally these attributes are found to lie in regular suc- 
cession. Yellow, orang(^ and red are the regions to which the attribute 
of warmth is given. The cold colors arc found at and near the blue 
region. The neutral colors arc found in the central region, namely, 
the greens and adjacent colors, and neutrality is again approac;hed at 
the very extremes of the si)e(*trum. Fairly neutral colors also usually 
result from an additive mixture of the colors near the extreme limits 
of the spectrum. 

In general, if the light source is visible (it may be either a primary 
or a secondary light source) its color plays a flominating part in the 
impression upon the ordinary observer. If the i)rimary light sources 
are concealed, the colors of the surroundings are mon? effective in pro- 
ducing the impression than the acdual color of tJi(' important surface, 
siKjh as a book which the observer may be reading, or goods on dis- 
play in a show-wiiulow. Specific examples may make the point clear. 
If a semi-indirect bowl be of a warm color, such as orange-yellow, the 
observer whose aesthetic sense demands the warm color will often 
neglect to inquire further. In other words, tluj lighting will usually 
be satisfactory to him, notwithstanding the fact that the light which 
constitutes the ])redomiTiant part of the useful illumination may be 
the miudi whiter light emitted by a gas-mantle or tungsten filament 
located in the semi-indirect bowl. Another example (;an be drawn 
from many installations of artificial daylight w^hi(‘h have r(u;ently been 
made. Notwithstanding the fact that a cpiality of light closely ap- 
proaching daylight is, in many cases, not only desirable, but proper, 
tradition or habit requires that the artificial light must be of a yellowish 
color. If the surroundings, such as the background in a show-window 
or the walls and ceiling of a jneture galkuy, be coven^d with warm 
colors, the white light from the artificial-daylight units (^an be directed 
upon the objects to be displayed and yet the warm appearance of the 
whole will be largely maintained. 
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A room with southern exposure, which receives much direct sun- 
light, can be cooled ” to some extent hy the employment of co«l 
colors in the furnishings. Conversely, a room with northern exposure 
can be warmed ” considerably by the employment of warm colors 
in the surroundings. It is true that the light is somewhat altered by 
selective reflection from the colored surroundings, but the major portion 
of the effect is often apparently purely psychological. A theatre in 
the summertime may be illuminated by light of the cooler '' tints. 

It is well to emphasize the apparent existeinre of two distinct mental 
attitudes in regard to color in lighting. Rooms are generally decorated 
for daylight conditions and ai’c presumably satisfactory when com- 
pleted. Howt^ver, in spite of the fact that all illuiiiinants ordinarily 
used for general interior lighting are quite yellow in integral color in 
comparison with daylight, complaint is sometimes heard of the garish 
whiteness of the unaltered light emitted by modern gas and electric 
filaiiKuit lamps. The correction resorted to is usually the application 
of yellow sen'ens of glass, gelatine, or silk fabric. Why, if the daylight 
condition is satisfacloiy, is the artificial lighting too cold? Obviously 
th(» (luestion is answ(‘r('d by admitting tlu^ existence of day and night 
criteria whicli are wid(‘Iy different. Tlie reason for tlu^ existence of these 
two very different criteria possibly may be (‘orrectly attributed to tra- 
dition. Artificial light for ages was (piite yellow, and only recently 
have the illuminants b(*como (^onsidfTably whiter. Perhaps the de- 
mand for yellow artificial light arises from some aesthetic sense which 
is largely due to the insist.em*(‘ of habit. It is difficult to a(;count for the 
foregoing in any other manner, considering the tremendous difference 
in (iolor still existing Ixdvveen most artificial illuminants and natural 
dayliglit. It is not tin* authoi-’s desire Ina’e to condemn this double 
standard but to diagnose it. It. is a condition which mUvSt be met and 
one which involves many of the facts and apjdications of color s(;ience. 

There are available some data on color prefe^’encx), but such data 
n)ast be carefully inter]jreted or difficulties will be encountered. In 
obtaining data on color i)refereiicc, the observer is (‘.oncerned with 
nothing except the colors being comi)ared. Other considerations which 
enter into lighting problems call for a modificiation of data on color 
preference befon; the latb.T can be applied. I^or instance, pure colors 
arc more frequent.ly preferred than tints and shades — a fact established 
by various investigators; yet this does not apply to the decoration 
and lighting of an interior. Of the pure colors, the reds and blues are 
the more often prefern^d of a group of pigments representing the entire 
range of spectral colors as well as the purples. Yellow usually ranks 
quite low in the preference order. Strangely enough, the colors more 
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commonly encountered in interior decoration (cream, yellow, orange, 
buff, brown) generally rank low in such (^olor-prefercnce investigations. 
Perhaps, in such cases, the momentary delight in the less common 
color sways the judgment oppositely to the feeling resulting from pro- 
longed association with the color. Cert^ainly the warmer tints and 
shades predominate in interiors, and usually these correspond in hue 
to the yellow-orange region of the spectrum. The purer tints of light 
may be used for purely decorative jmrposes and may be used only 
when desired. This is one of the great advantages of the mobility of 
light. 

Effect of Surroundings. — The surroundings are very important in 
molding the mental impression of a lighting c;ondition. The distri- 
bution of light and shade is largely c;ontrolled by the reflection coeffi- 
cients of the surroundings. 

A colored surface appears (colored by reflect, ed light because it has 
the property of reflecting light of certain wave-lengths and of absorbing 
others, thereby altering the iiHadcnt light. A yellow wallpaper re- 
flects the blue rays only slightly, the result of subtracting blue rays 
from white light being a yellow light. A red fabric appears red under 
daylight be(;ausc it rcfle(;ts only the red rays in daylight. It .appears 
a relatively brighter red under tungsten or gas light than under day- 
light for equal illuminations, owing to the ndativciy gn^atcr .amount 
of red rays present in the light from the artifi(‘i;d illuminants per unit 
of light flux. Under the light from a mer(airy-arc kiinp, tlu^ rod fabric 
appears almost black, bcuiause there are present in the light from the 
mercury arc, practically no rays which the red fabric is able to reflet^t. 
This shows that tlie relative brightnesscis of colored objects vary with 
the spectral (diaracter of the illuminant and that selective reflection 
from the sun*oundings is responsible for a changi^ in the color of the 
incident light. Daylight entcaang interiors usually has been altered 
by reflection from many (colored objeed.s, su(;li .as buildings, foliage, 
pavements, lawns .and earth, with the result that diiylight in interiors 
is quite variable in quality. This vari.ation causes difficulty in accurate^ 
color work from day to day and from season to season. As skylight 
is much more bluish in color than sunlight, tremendous variations in 
quality are apparent as the relative amounts of sunlight and skylight 
vary. Moreover, the variation in the relative amounts of skylight 
and sunlight entering windows or other openings is generally continuous. 

The influence of the surroundings upon the color of the useful light 
at a given point, such as a desk-top, depends upon the relative amounts 
of light reaching the point directly and indi^ectl3^ For ordinary 
direct-lighting systems, the alteration due to colored surroundings is 
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usually appreciable although not so great as for indirect-lighting sys- 
tems. In a representative case, it was found that the light from tung- 
sten lamps in an indirect-lighting fixture was altered to a color even 
yellower than the old carbon lamps when the colors of the cream- 
tinted ceiling and brownish-yellow walls were of a very common com- 
bination. The effect is of considerable magnitude in scrni-indirect 
installations, depending, of course, upon the relative values of the direct 
and indirect components. 

If in a given case of indirect lighting the artificial illuminant is too 
cold, it is possible to obtain identical results by two expedients. In 
one case the walls and (;eiling would be refinishcd with (coverings of a 
warmer or yellower tint; in the other case, a yellowish screen would 
be placed over the lighting unit so as to alter tlie light by selective 
absorption. 

The following sums up a few simple but pertinent facts. A yellowish 
surface under daylight illumination may appear exactly like a neutral 
surface under an ordinary yellowish artificial illuminant. Surround- 
ings consisting chiefly of such colors as brown, buff, yellow or orange 
shades, which are neutral or warm in appearance under daylight, 
appear relatively much warmer by ordinary artificial light. In indirect 
and many senii-indire(;t systems of lighting, the alteration of the light 
by colored surroundings is so great as to produce in many (;ases an effect 
with a modern illuminant similar to that obtained with the old illu- 
minants in ordinary direct fixtures. 

Artificial Daylight. — For the production and appreciation of colored 
objects, daylight is the generally accepted standard. The arts as well 
as the eye have been evolved under natural light, with the result that 
the demand for light approaching daylight in quality for many pur- 
poses is deeply and permanently rooted. As daylight varies tremen- 
dously ill spectral character, it is necessary to determine standards. 
Measurements of intensity and quality of north skylight on a clear 
day reveal a fair (constancy, whi(;h doubtless acetounts for the depend- 
ence upon north skylight for accurate color discrimination. However, 
north skylight varies from clear to cloudy days, but not so much as 
the light from othc^r points of the compass in northern latitudes. Clear 
noon sunlight is quite constant, and although not always available 
represents a fair average daylight outdoors. Noon sunlight and north 
skylight have, therefore, been accepted as two distinct standard day- 
lights. 

There are three possible methods of producing artificial daylight; 
namely, (1) directly from the light source; (2) by adding complemen- 
tary lights in proper proportions; (3) by altering the light from an 
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illuminant by means of a selective screen. The only available illu- 
minant at present which fills directly the requirements of accurate 
color work is the Moore carbon dioxide tube lamp. The Moore tube 
emits light approximating skylight in quality closely enough for the 
most exacting color matching. 

Some years ago the light from the tungsten lamp was combined with 
that from the mercury arc in such proi)ortions as to give a subjective 
white light. This c.orribination met some requirements, but could not 
possibly approximate daylight in spectral charac^ter owing to the dis- 
continuous spectrum of the mercury ar(\ The s])ectrum of the light 
from the Moore carbon dioxide tube is discontinuous, but only for small 
intervals. On various ocjcasions colored lights have been combined 
with the light from ordinary artificial illuminants to produce an ap- 
proximate daylight effect. However, the only method of producing 
artificial daylight which up to the present has been extensively applied 
is that which involves the us(i of colored trnnsmitting or reflecting 
screens. These have been used with gas mantles, arc lamps and 
tungsten filament h-mips. 

In cases where accurate color matcdiing is required, efficiency 
should be a minor consideration and experience has proved this to be 
very generally true. Using modern gas-filled tungsten lamps, north 
skylight of satisfactory (piality is reprodu(*(Ml by the subtractive method 
at losses of from 75 to 85 per (^ent. of the original light. It has been 
found that colored st'recms can be producc'd inexpcaisivcdy and with 
sufficient accuracy to nuud the reciuirements. 

Experience has shown that, for the less refined color work, little 
or no advantage is gaincnl in correcting the light further than to an 
apj)roximation to clear noon simlight. For this reason jn*actical arti- 
ficial sunlight units have benm developed. These units, whose iiripor- 
tant part consists of an cmclc^sing colored-glass envelope, have been 
installed for general lighting j)ur})Oses in many different, fields. The 
absorption losses of these units, when uschI with gas-filled tungsten 
lamps opc^rating in the neighborhood of IS lumcuis per watt, are ap- 
proximately 50 per coni. The culor of the resulting light blcmds well 
with daylight entc^ring interiors. 

The cjuality of light known as' jirtificial north skylight is the most 
generally acceptable for ac^curate color work, such as matching and 
inspecting colors. It is not used for lighting large areas in the sense 
of general lighting, although there are some rather extensive installa- 
tions in existence. 

Artificial daylight has also found its way into fields which it would 
not be generally expected to enter, l^or instance, there has always 
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existed a feeling of dissatisfaction with the lighting during the late 
afternoon, the period of the day when daylight must be reinforced tty 
artificial light. This is perhaps partially due to a difference in the dis- 
tribution of light in the two cases. However, the difficulty is also par- 
tially, if not largely, due to the difference in color. 

Other Applications of Colored Light. — Many diversified applications 
of the principles of color mixture may be made. The stage offers the 
greatest possibilities, although ordinar>^ specdficatioiis of stage lighting 
often provide only clear, red, and blue lamps. The range of (colors 
resulting from mixtures of these is (piite limited. As lighting effects 
arc valuable tools in the hands of the stagi^ director, it is suggested 
that facilities be provided for using at least the three primary colors, 
red, green, and blue, and also clciar lamps. If space permits it would 
be desirable to add yedlow lamps. Yellow can be obtained by mixing 
red and green, but inasmucli as it is an important stage-lighting color 
it is undesirable to sacrifice it in obtaining the red and green originally 
and then to produce it again by mixture at a gi'catly reduced efficiency. 

The primary (colors have becui used in show-windows and for many 
special cdfccts, such as in a. cc'rtain residemtial installation which has 
red, green, and blue' lam|)s installed above a, large oval panel of opal 
glass set in the (‘C'iling of a dining room. Any equality of light can be 
obtained with this iiistallation, J)y coiitrolling various lamps by means 
of throe rheostats loc^aled in a cabinet in the wall. A number of instal- 
lations on a larger senile have* been plac.c'd in l)allrooms and restaurants. 
Such applications should be more numerous, cionsidering the jilcasure 
obtainable. A feuv cases have' been noted where' colored lights have 
beem mixed for the gcmcTal illumination of thc^atrc'S, billbcwds, special 
displays, ballrooms, (*tc. Masheu’s have usually been used, but rheo- 
stats c^an be readily desigiu'd to be mechanically opcirated so as to vary 
the intensity of the' several components by imjKjrceptible increments. 
Beautiful effe(d;S have' hexm obtained by illuminating clothing models 
witli mixtures of the jmniaiy colors, accentuating the effects occasion- 
ally by directed unaltered light. The latter c'ffect is intensely beauti- 
fied by the colonui shadows wliich remain. Hi(\se are due to a flood 
of colored light of a lowc'r intensity than the clear directed light. In 
ordinary lighting, tints an' more satisf>ung to the aesthetic sense than 
saturated colors, and tiiese tints arc readily obtained by adding lights, 
fairly saturated in color, to the ordinary unaltered light. In general, 
it is necessary to conceal the sources. 

Colored light has been used successfully in the floodlighting of monu- 
ments, buildings, and pageants. In a few rare instances, colored light 
has been applied to billboards and other displays^ and doubtless this 
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field will be developed eventually. Special color effects have been 
proposed in which complete changes are produced by properly associat- 
ing the colored pigments, used in painting the scene or advertising 
material, with the colored illuminants. These should eventually find 
a wide field also on the stage and in displays. A few applications have 
been made, but the difficulty at present lies in the necessity of a com- 
plete grasp of color science in order to accomplish the desired results. 

Colored Media. — Essential tools in applying c^olor in lighting are 
colored media and a knowledge of the fundamental principles of the 
science of color. The latter have been briefly discussed in preceding 
paragraphs and a few suggestions regarding colored media are pre- 
sented below. Illuminants differing in color have been harmoniously 
blended in many instances, but the greater possibilities of such applica- 
tions naturally are found in installations of great magnitude. In the 
general practice of (H)lor in lighting, an acquaintance with colored 
media is essential. Among the chief colored media are glasses, silk 
fabrics, gelatines, lacquers, ])igTnents, aniline dyes, and chemical salts. 
Signal glasses, with little or no (‘orrection, often afford excellent primary 
colors for applications of c-olor mixture. La(^(|uers can be colored with 
aniline dyes and other materials, provid(‘d a proper solvent is emi)loycd. 
Often an insoluble pigment or dye can be sus})cnd(Ml in a ])iiiding medium 
to a sufficient degree to enable lamps or glassware or other media to 
be colored by immersion. 

Colored fabrics such as silk lend themselves to many applications 
of interior lighting. Colored solutions find uses especially in temporary 
lighting installations and in demonstrations. 

The method of using these materials obviously varies with the prob- 
lem at hand. If colored glasses of proper spectral (characteristics are 
available they can bee placed in such a position as to intercept the light 
emitted by the illuminant. However, if the (cornect tint is not at hand, 
it is often possible to obtain the desinnl result by combining colors 
according to the various methods of color mixture. 
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CHAPTER VII 


DAYLIGHT 

[M. Luckiesh] 

What Is Daylight? — The sources of daylight arc primarily the sun 
and the sky, although an apj^reciable amount of tlic light which reaches 
a given point outdoors is reflec^ted by the suiTOundings. The amount 
of direct sunlight varies inversely with the amount of skylight; that 
is, an incTease of skylight is o])tained at the c‘xi)ense of the amount of 
direct sunlight. On average clear days, when th(' sun is high, the 
amount of skylight which reaches tlic ui)j)er side of a horizontal sur- 
face is about 20 per cent of the total incident light. On vciy cle.ar days 
this decreases to about 10 per cent and at very high altitud(\s to only a 
few per (^ent. On uniformly overcast days, obviously the light which 
reaches the earth comes entirely from the sky. Th(^ amount of sky- 
light increases with decniasing zenith dist-aiKU' of the sun and with 
increasing cloudiness. The maximum i)ercentag(' of skylight occairs 
when there is a uniform cloud-shecd (H)rr(\spon(Iirjg (.o stratocumulus 
clouds of moderate density. The percentage of skyliglit then decn'ases, 
reaching its lowest values for vi'ry ck^ar and for very cloudy skies, 
the latter, of (bourse, being dense layers of nimbus. The int(msity of 
dire(;t sunlight decreases with th(i altitude of th(' sun, owing to the 
increasing depths of the atrnosjdiere through which th(^ direct light 
must penetrate. The light is diminisluMl by a))Sori)tion and ly scatter- 
ing due to the atmosphere, ^riu' ])ercimtage of skylight rc'aching a 
horizontal surface is easily found hy coni])aring th(^ brightncjss of a 
small shadow with that of I he surface receiving both sunlight and 
skylight. All daylight cpiaiitilies are (wtremely variable, owing to the 
variations in cloud-formations and in cloudiness. 

Intensity. — I'hc illumination produced b}^ sunlight varies with the 
altitude of the sun, Init on dear days at noon it- rciaches 10,000 foot- 
candles on a horizontal i)lane. TIk^ illumination due to skylight on 
clear and hazy days varies usually Ixd-ween lOOO and 2000 foot-candles. 
It sometimes reaches 2500 foot-candles, (jl)viously, the minimum 
intensities of skylight and of sunlight are zero. The average intensity 
of daylight in the latitudes of the northern part of the United States 
is at least several times greater in June than in December. Smoke 
* • 334 
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in the atmosphere greatly reduces the intensity of daylight. In in- 
dustrial districts the intensity falls to only a small fraction of that 
found in the country on the same day. On clear days the absorption 
of the atmosphere may be more than 25 per cent. 

Quality. — The s])ectral character of sunlight when the sun is high 
on clear days is fairly constant and may l)e considered white light. 
The spectral distributions of noon sunlight and of north skylight are 
shown in Fig. IK) (('liapter VI). Average dayliglit is obviously a 
mixture of tluise, the addition of skyliglii. tending to make the total 
daylight bluish as (compared with noon sunlight. The selective absorp- 
tion of the atmosphere tends to modify the sunlight, as the sun passes 
from the zenith to th(^ horizon, toward yellow and even red. Average 
daylight throughout the day is an uncertain quantity. It may safely 
be considered to lie ycdlowcj* tlian noon sunlight. The sky is blue 
l)ecause of the sel(H*tive S(‘a.ttering and absorption by the atmosphere. 
If the atmosphen' did not exist and if the region above the earth were a 
perhict void, tlie sky would ))e black in the daytime. 

A demonstration of the sek'ctive absor])tioii and s(^attering of light 
by fine particles can Ix' made l)y means of a jaiff of smoke. When 
viewed by reflecK'd liglit it is l)luish; this is particailarly true of the 
smoke ciu’liiig upward froTu tlie lighted end of a cigar. The shadow 
of the smoke as vic'we-d upon a wliite surface appears brownish in 
color. TJiis shows tliat the smoke transmits the hu(‘s of longer wave- 
lengths with greater facility than tliose of shorter wave-lengths, such 
as blue. Incidentally, the smoke from the moist end of a cigar, or that 
expelUxl aft.(T having Ixxm lield in Wu) mouth for some time, appears 
(juite white. This may be accounK'd for by the condensation of mois- 
ture about the fine pa.rtick\s of smoke (small nuclei facilitate condensa- 
tion), with the result- that llie particles are now too large to scatter 
light- selectively. Thc' blu(‘ of the sky is due to this selective scattering, 
perhaps even by molecule’s of the gases [)rescnt. From the duration 
of twilight, it may be com])uted that tlierc is appreciable matter in the 
air at altitudes of 50 to 100 iiiik’s. 

Standard Daylight. ~ Noon sunlight on a clear day is sufficiently 
constant in cpiality or spectral character to be taken as a standard of 
white liglit. The light from a clear north sky in the northern hemi- 
sphere is also fairly constant in spcurtral charac*ter. These are considera- 
tions which have* influcmc*.ed the dovclopmcmt of artificial daylight. 
The daylight whicii entx’rs interiors is modified more or less by reflec- 
tion from colored objcc;ts, such as trees and buildings. Owing to this 
modification and the variability in intc’nsif>^ and quality of daylight 
due to atmospheric! conditions, clouds, the changing altitude of the 
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sun, and to other factors, an artificial daylight is advantageous for 
a^xurate discrimination of color. 

Brightness. — The range of brightness outdoors is very great. The 
brightness of the sun is about 500,000 lainbcrts; the zenith sky at 
midday varies usually from 0.5 to 2 lambcrts; sunlit clouds are several 
times brighter than the adjacent blue sky. The brightnesses of shadows 
on the earth are very small fractions of the preceding vahies. In fact 
the range of (contrast in a lan(ls(;ape is rci)rcscntcd by many thousands, 
exclusive of the sun. By including the sun, the range in contrast is 
represented by millions. 

The mean reflection factors of the various earth areas as determined 
by viewing vertically downward are approximately as follows : 


Per cant 

Woods .4 

Barren ground . 13 

Fields .... .7 

Inland water 7 

Deep ocean water 3.5 

Dense clouds 78 


Nature’s Lighting. — Many lessons p(‘rtaining to lighting may be 
gained by study and observation of nature's lighting. The ever- 
changing effects of light, shade and color in a landscape are of fas- 
cinating interest, ])rodu(*ing an endless series of lighting results. The 
same scene changes enormously during a given cloudless day. In 
general, it is least inter(*sting at noon when shadows arc shortest and 
harshest. But as the sun sinks toward the horizon, shadows lengthen 
and soften and the sc(uie may be^*ome much more attractive. The 
same scene not only varies from day to day but from season to season, 
demonstrating continually the powers of lighting. 

Nature not only provides a vast vari(dy of lightings, which may 
be studied profitably, but it has betm a powerful influence in the evolu- 
tion of taste. The general decorative s(‘hemc of interiors, with their 
increasing brightness from floor to c(aling, b(‘ars a resemblance to the 
general distribution of values in naturc\s landscape. The influence of 
lighting upon the mood or cxj)rcssion of a landscape is positively demon- 
strated outdoors. Furthermore, trature’s lighting is powerful enough 
to influeiKje the mood of beings, for who has not- been influenced by 
sunny and by overcast days? Here one has an illustration of the 
psychology of light. 

The intensity of light reacliing the earth from the full moon is very 
small, the illumination oh a horizontal plane being only a few hun- 
dredths of a foot-caudle. The spectral character of moonlight is ap- 
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proximately the same as that of noon sunligjht. This is interesting in 
view of the fact that it is usually represented as bluish or blue-greey. 
It appears bluish by contrast with artificial light. 

Effects of Quality. — Daylight fades many delicate colors, and a 
skylight glass which did not transmit any ultra-violet radiation might 
find applications in museums. Visible radiation, especially when ac- 
companied by appreciable energy which is converted into heat, fades 
colors, but the ultra-violet rays are generally more severe in this respect 
per unit energy than visible rays. 

A skylight glass whicli transmitted only the visi])le radiation would 
be advantageous in some easels, as it would reduce' the temperature in- 
doors owing to the absorption of the infra-red rays. However, this is 
not very promising, because from an energy viewj^oint most of the 
sun’s energy roMching the earth is of the wave-lengths corresponding 
to the visible spectrum. Tlie maximum of th(i spectral distribution 
of the sun’s radiation outside' of the earth’s atmosphcire is in the visible 
region of the spe'ctrum. t^irthermoro, the atmosphc're, particularly 
the wati'r va])or, absorbs the infra-red radiation very strongly. 

Clear glass is opaque to infra-red ('iiorgy of the longc'r wave-lengths. 
The sun’s radiation ('iitering a space enclosed by glass is partially 
transformed into chemical one^rgy in the case of growing plants and 
partially absorbe'd by objects and traiisforiiiod into he^at. These 
objects arc warmed and are now radiators of ('nergy, but of such tem- 
peratures that the radiation which they emit is of very long wave- 
lengths. Tliis (‘iicrgy cannot v'seape* through the glass and is, therefore, 
absorbed and partially reradiated inward again. Thus, there is a build- 
ing up of temperature until ecpiilibrium is established, the temperature 
finally attained being somewhat higher than the temperature outdoors, 
owing to th(^ al^sencc of cooling brtHJzes, etc. This explains the so- 
called hothouse effect.” 

Pigments and other matc'rials alKsorb and reflect light in different 
degree's. A box painted black will Ix^cona^ hotter in tlie sunlight than 
one painted white. Similar jneces of metal, differing in color, will sink 
at different rates into the snow under the influence of solar radiation. 
Even white i)igments differ in their ability to absorb and reflect day- 
light. Thus the covering for certain buildings is of importance. In the 
tropics white is the logical color for exteriors of buildings and for clothes, 
from the viewpoint of tlie coolness of the o(!cuj)ants. 

Daylighting of Buildings. — The walls of light-courts for buildings 
should possess high reflecd ion-factors if they are to be maximally effi- 
cient. Walls of buildings should be of a light color in order to conserve 
daylight in congested districts. Glazed terra-cQ,tta is excellent from 
the standpoint of keeping clean. 
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In the design of buildings, the area of windows necessary for the 
admission of adequate daylight depends upon the latitude, the exposure, 
the amount of sky subtended at the windows, atmospheric conditions, 
etc. That it is inadequate most of the time on the lower floors of large 
buildings in downtown districts is evident from the use of artificial light. 
The areas of skylights, whether vertical or horizontal, and the day- 
lighting results can be computed for any given conditions. However, 
various assumptions must be made and these should be based upon 
authentic data or experience. 

The saw-tooth ” roof has been used successfully in many factory 
buildings, but where land is valuable such buildings possess several 
stories. Under these conditions adequate artificial light should be 
available, and it must be used during a (considerable' portion of the day 
in many factories. Whe^re th(' direction of the entering daylight is 
satisfactory, and machines and various industrial operations arc oriented 
in respect to it, it is advantageous to arrange the artifi(cial lighting units 
so that the dominant direcction is similar. Furthermore, in many cases 
where artificial light must be used mon' or less to nunforcce the daylight, 
it is advantageous to minimize the color diffen'iKce by using artificcial 
daylight. 

There arc various means of controlling daylight in interiors. Window 
shades may be opa(|ue or translmceiit as best suits the particular case. 
They may be hung from spring rollers as is commonly doru'. In this 
case th('.re are scjine advantages in using two shades, the rollers being 
placed at about the middle of the window, one shade being pulled up 
and the other down. Tn other cases, single shades may be satisfactory, 
but whether they arci fastened at the top or the bottom of the window is 
a matter of judgment in th(c particular case. Some shades are in use 
which are fastened to a large frame of the size of the window. These 
frames are hinged on one verti(‘al edge of the window casing. 

Shutters and louvers of opacpie or of translucent material have their 
uses, and there are now in use some elaborate systems of louvers for 
controlling the light entering skylights. Tn some buildings where over- 
head skylights are used, large stationary or movable louvers can be 
utilized for controlling the distribution oi light within certain limits. 
The design of these dei)ends ujKm- the particular conditions, but no 
insurmountable difficulties will be em^ountered by those familiar with 
the principles of light control. 

Glasses. — There is an extensive variety of glasses available, such as 
clear, prismatic, sandblasted, etched, ribbed, rough-transparent and 
translucent. Their effects* dejM'iid not only upon their own physical 
characteristics but upon those of the light source as well. 
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The transmission-factor of glasses of this character varies with the 
direction of light through the specimen and with the distribution «)f 
the incident light. For crystal glasses, the loss of light is chiefly due 
to reflection from the surfaces. Sandblasted and acid-etched clear 
glasses may be considered to be miniatures of the pebbled glasses. In 
the following table, certain results are given for crystal glasses having 
various kinds of surfaces. One surface of each specinien is smooth. 
Four transmission-factors are given for ea(;h sp(H*iinen, as follows; (1) 
for a pencil of light with the smooth surface toward the light source; 

(2) for a pencil of light with the rough surface toward the light source; 

(3) for perfectly diffused light (light source subtending a hemisi)hcrical 
angle) with the smooth surface toward the light source; (4) same as (3) 
but with the glass reversed. 

TABLE XLIV 

Transmission fai’tors for Crystal Glasses 




TrariHini.sHioii-fjinlors 


Spociiiien 

Side 'Poward Tdght Source 

Foi eoiK'il 
of I -lull ( 

r'ot Heim- 
sphoriral 
Illumina- 
tion 

Di rr use 

Diieot 

1 

Sandblasted 

Cor (’oJit 

7S 3 

IVr ( 'fill 

70 2 

Cor Cftnt 

89 7 

1 

Smooth 

73 0 

09 5 

94 0 

2 

Acid-et clied 

71) 4 

70 9 

S9 3 

2 

Smooth 

75 S 

70 4 

92 9 

3 

Pebbled 

SI f) 

7A 0 

SS 2 

3 

Smooth 

79 0 

74 .0 

94 4 

4 

Coarse ribs 

70 0 

01 7 

SO 5 

4 

Smooth 

‘ 51 5 

01 0 

119.6 

5 

Fine ribs 

S5 S 

79 3 

92 4 

5 

Smooth 

79 0 

79 1 

100.1 

6 

Wavy ribs 

SS 4 

1 S2 2 

92 9 

6 

Smooth 

SO 0 

1 S2 1 

95 5 


The data in tlu» preceding table are of intenvst in artificial as well as 
natural lighting. Tht* difference in the two values of transmission- 
factor for opposite din'ctions of the passage of fhe light through the 
specimen is important. The light lost by reflection is greatest when 
the rays emerge from the rough side of the specimen. This is explained 
by considering the principle of total reflection in the interior of a glass 
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prism. The glass-air surface reflects more light, in general, than the 
a^r-glass surface. That is, the reflection is greater when light passes 
from a medium of higher refractive index to one of lower refractive 
index than vice versa. In fact, it becomes total reflection for the larger 
angles of incidence in the former case. 

The use of glasses of the refractive type is growing. Prism glasses 
are valuable for directing light into remote regions of rooms. Canopies 
of such glasses have been used outside of windows, in skylights of 
various kinds, in artificial lighting units, and in various places encoun- 
tered by the lighting expert. 

The transmission facjtor of smooth, clear glass is about 92 per cent 
for fierpendicularly incident light, the loss of light being that reflected 
by the two surfaces. The amount reflected by a smooth surface varies 
with the refractive index and with the angle of incidence. For ordinary, 
clear, plane glass it varies as indicatt^l in the accompanying table for 
a single surface when the refractive index is 1.55: 

TABLE XLV 


An(3LE of Incidence 

Reflection-factor 

Degrees 

Per Cent 

0 

4.05 

to 

4.66 

20 

4.68 

30 

^.82 

40 

5.26 

50 

6.50 

60 

9.73 

70 

18.00 

80 

39.51 

85 

61.77 

90 

100.00 


The foregoing table indicates the importance of the angle of incidence 
of light, and the problem is met in the (tase of show-windows, skylights, 
etc. Glasses vary considerably in refractive index, but the one given 
above represents the average commercial glass used for general ])urposes. 

Distribution Indoors. — In the more common case*, of vertical sky- 
lights — windows — the distribution of daylight indoors is widely 
different from that of artificial light. In general, artificial light pos- 
sesses a decided advantage over daylight from this viewpoint of dis- 
tribution. Considerable annoyance is encountered from mixtures of 
natural and artificial light, owing to the difference in distribution and 
quality. The intensity of daylight varies enormously in most interiors 
lighted by means of windows, and many interiors of considerable ex- 
tent cannot be lighted in the best manner by means of natural light. 
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Windows are sometimes sources of glare, which cannot be so easily 
avoided by the eyes as artificial light sources. The latter can be 
screened from the eyes or hung outside the ordinary field of vision. 
Daylight varies in quality indoors, owing to many factors such as 
selective reflecition from objects outdoors and indoors, varying mixtures 
of skylight and sunlight, and seasonal variation. Artificial light is 
constant in quality and can be controlled in (quantity. 

Computations. — Computations of daylight are usually based upon 
the area of skylight visibhi at any given })oint. They are based upon 
the same principhis as those for artificial light. The brightness of the 
light source times the area of the light source gives the luminous in- 
tensity. The inverse square law may then be (tailed upon, provided 
the distance to the source is several times greater than the maximum 
dimension of the source. The area of the light source is usually that of 
the area of the optming through which sky is visible. Allowances must 
be made for variations in sky brightness, unclean skylights, etc. 

Many arrangeiiuaits of skylights are possible'. Windows may be 
low or high, such as the' clerestory windows. All these variations are 
potential means of im])ro^dng the utilization of daylight and call for 
the close cocipc'Tation of the' architect and the lighting expert. 

Cost of Daylight. — In tli(^ consideration of natural and artificial 
lighting in interiors, it is ofti'ii stated that natural light has one great 
advantage owr artifieijd light in that it costs nothing. However, this 
conclusion is far from correct. In fact, it can Ix' shown in many in- 
stances that natural light costs more than artificial light in interiors. 
Windows and skyliglit.s in gc'ueral cost considerably iiion' to construct 
than ordinary walls and ceilings of the same area. The interest in this 
excess in investiiu'iit must be charged to natural lighting in interiors. 

Overhead skylights and windows must be maintaiiK'd and cleaned. 
The breakage in some skylights, owing to snow ajid ice, changes in 
temperature, and accick'iit, are ap])reciable items In fact, these are 
excessive in some cases. Tlie cleaning of windows and oveiiicad sky- 
lights is a larger item in buildings. Even in a residence the cost of 
cleaning windows e(iuals a large fraction of the cost of artificial light. 
These expenditures must he charged to natural lighting. 

In buildings where large glass areas are installed, such as the over- 
head skylights in an art musc'um, an extra allow^aiice for heating is 
made. This must be charged to natural lighting. 

The light-courts in large buildings in congested (ities are installed 
at the sacrifice of large floor areas and thus r(xluce the rentable space 
considerably. The cost of natural light in •such cases is enormous. 
Furthermore, where land values are high, as they are in the business 
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districts of cities, additional investments of no small amounts must be 
cliarged to natural lighting. It may be said that ventilation is also 
obtained by means of windows and light courts. This is true, but 
ventilation is best achieved by special systems and at best only a small 
fraction of the areas of light-courts and of windows is necessary for 
this purpose. 

It may be said that, psychologically, liglit-(H)iirts and windows will 
always be demanded. 'J"his might be agreed to if it were not for the 
fact that artificial light is often recpiired throughout tin* entire day 
to reinforce the feeble daylight entering the windows of many offices 
and hotel rooms. Furth(jrmore, inillioiis of persons arc working quite 
contentedly under artificial light throughout the day. If artificial 
lighting is of the best, it is much superior to natural lighting in many 
of the cases where the latter is v(^ry cosily. By no means is it recom- 
mended that natural light be (diminated from buildiTigs in general. 
The foregoing discussion is presented for the purpose' of showing that 
it costs something to bring it indoors in all int.c'riors and that it is very 
costly in many c.ases. However, it is sugge'steel for the benefit of the 
lighting engineer that serious consideration bo given to eliminating it 
in those special cases where it is obviously veiy (mostly and still un- 
satisfactory. 
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RESIDENCE LIGHTING 

[M. Luckiebh] 

It has been stated that the home is the theatre of life, and its light- 
ing can be made sufficiently flexible to be adaptable to its various 
activities, moods and occasions. The lighting in certain rooms may be 
theatrical, but this does not mean spectacular. It should be expres- 
sive, and its psycliological influeiu^es should be drawn upon and utilized 
appropriately. 

In the discussions which follow, fixtures are not discussed from an 
artistic viewpoint. Period dcisigns are determined by the furnishings, 
the decorative scheme and the architecture, and the artistic features 
of fixtures are purely matters of taste. Fixtures should shield the 
light source from the eye, and the diffusing media, whether of glass or 
textile, should be dense enough to eliminate glare. A fixture cannot 
be beautiful or a lighting cffec^t cannot be artistic if it annoys the eye. 
The householder and all with whom he c.omes in contact in the lighting 
of his house must appreciate that fixtures are a means to an end — a 
lighting effect — if the possibilities of lighting are to be enjoyed. 

Light is a medium superior to the decorator’s media in producing 
certain results. It is mobile, but its mobility cannot be utilized with- 
out adequate outlets and controls supplemented by fixtures which 
possess definite aims. The most desirable fixtures in some places are 
those from which two or more different lighting effects are obtainable. 
With equipment of this character, the householder will find in lighting 
one of the most fruitful sources of interest and pleasure. If the cost 
of lighting is examined critically and compared with the cost of orna- 
ments, draperies, wall-covcuings, etc., it will be found insignificant. 
Considering its low c^ost and its great potentiality, it may be said to 
be tlie least expensive of the various factors which contribute toward 
making a houses a home. 

Living Room. — The activities in a living room vary from those quiet 
occasions when a restful mood is desired to those when a joyous company 
is gathered. A flood of light is not best for these two extremes. To 
provide only the monotonous lighting which is the result of simple 
ceiling fixtures and generally inadeejuate equipment is^to limit the 
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possibilities of lighting and to insure dissatisfaction. It should be the 
aijn in designing the wiring and in selecting the fixtures to 'obtain a 
variety of lighting effe(;ts in order that lighting may do its share toward 
providing the proper environment. After a house is decorated and 
furnished, lighting is the only element having sufficient mobility to 
provide extensive variety in the appearance of the interiors. 

Most living rooms contain a central ceiling fixture, and in the case of 
larger rooms, two or more ceiling fixtures are often used, but such a 
means of lighting this type of room may be shown to i^ossess serious 
disadvantages. In the first pla(H', a fixture in the (;entcr of the ceiling 
is generally in the field of view when persons are engaged in (conversation 
in living rooms of small and moderate' size. It is practically impossible 
to avoid glare and consequent discomfort. Even though the lamps are 
well shaded, there is usually a noticeable glare. In fact, the brightness 
of the ceiling, due to senii-indir('(‘t or totally indirect lighting, may be 
anno 3 dng wdien it must be endured for a long time. Another disad- 
vantage of such lighting in the living room is tlie inartistic; symmetry 
of the lighting effect. A simjde experimenf wliicli brings out the com- 
parison between a symmetrical and an asymmetrical distribution of 
light emphasizes the general dc^sirability of the latt-ccr in rooms where 
artistic effeccts and cxpr(\ssiven('ss are obtaiiKul without a keynote of 
symmetry in such factors as the arrangement of furniture. This is the 
condition that exists in the usual living room. 

In small living rooms the central ceiling fixture may be a nec(\ssary 
compromise, owing to the limited space. In larger rooms the (ceiling 
fixture is usually an obtrusive' object and it oftc'ii apparently reduces the 
size of the room. As living rooms incrc'ase in size', the difficulties in 
lighting diminish. Portable lamps afford the most, generally effecctive 
means for lighting this type of room. TIk^v arc' mobile; as many may 
be lighted as necessary; the number of lighting effects obtainable 
increase's with the number of lamps and cireaiits; and the; lamps may 
be at all time's decorative furnishings. An ade'epiate supply of base- 
board rcceptaecles makes it e'asy for the' housewife to rearrange the 
furniture without being restrained by lighting considerations. This is 
always a desirable feature, but in most homers at prc;se;iit the supply of 
receptacles is very inadequate. 

A small living room should have at East four basc'board outlets, and 
a room 14 feet by 24 fee't should hava^ at least six. It may be helpful 
to follow a definite rule ecvolva'd from analys(;s and ex]X'rience. One 
such rule which meets the reepiirements is one baseboard outlet for each 
50 square feet of floor ared in the living room. Floor plugs are usually 
unnecessary and inconvenient from the standpoint of floor coverings; 
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however, there are some conditions which appear to demand them. If 
it is certain that a library table is to be placed permanently awg^y 
from the wall, a floor plug may be provided at the proper locaffon. 
It is sometimes desirable to carry the wire down through a leg of the 
table. 

Owing to their position, wall brackets are sources of discomfort if 
they are not heavily shaded. They are nearly always in the field of 
vision when several persons are engaged in conversation in the living 
room. If they are depended upon for general lighting, the bright walls 
and ceiling are often annoying. If they are located profx^rly and are 
equipped with pendent shades, they may serve as reading-lamps, but, 
being fastened to the wall, they do not possess the advantage of mobility 
which is a feature of portable lamps. Their positions may be pre- 
determined in a manner similar to those of baseboard outlets, namely, 
by relating them to the arrangement of the furniture. The wiring of 
a new house cannot be laid out to best advantage unless the arrangement 
of the important articles of furniture is first considered. Wall brackets 
may serve purely utilitarian purposes, but their chief right to exist in 
the living room is as vital sparks of ornament. This is a sufficient 
reason for the existence of any fixture which is intended only to be 
decorative. A beautiful brackc^t ecpiipped with a dense' shade (containing 
a small lamp is as ornamental as any piece of bric-a-brac can be. Small 
lamps and the largest shades compatible witli artistic fippearance 
conspire to reduce the brightness of wall bracckets and bring it within 
proper limits for comfort. Dense diffusing glass approi)riately tinted, 
parchmemt, and dense textiles are satisfactor}^ materials for shades for 
wall brackets. 

In the living room, and, in facet, in most rooms, the illuniinants of 
warm tints are generally desired by those who are sensitive to the 
aesthetic features of their environment, Tliis warm tone may be 
obtained to some extent by means of tinted shaders but is more easily 
obtained by a tinted lamp. However, it is a common mistake to use 
amber instead of warm yellow. Expciriments with incandescent fila- 
ment lamps tinted to matcli the color of the candle Hame emphasize 
the charm of tinted light in the home. Color is dcunanded in every 
aspect of the home whe^' artisticc considerations are ])resent and it is 
bound to be moric and more utilized in lighting. 

Dining Room. — By (comparison with the li\ ing room, the dining 
room in some resjx^cts represents the other extreme. The arrange- 
ment of furniture in the dining room is very definite, and the setting 
in this respect is never changed. Here, symmctiy is a dominant 
note. The dining table is in the center of the r(X)in, and the technical 
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problems involved in the lighting may be solved in a straightforward 
Hjanner. 

In discussing the lighting of the dining room, it appears best to 
analyze the various methods which have been employed, pointing out 
their defects and desirable features. It is noteworthy that the decorator 
often employs wall brackets in (elaborate dining rooms. They may be 
artistic objects, but despite their beauty, they are inappropriate for 
providing the important lighting of a dining table. They have little 
reason to exist at all in sueii a room from the standpoint of lighting. 
Even though the table is lighted by local larnps in the form of candle- 
sticks, the lighted brackets are usually distracting and often glaring. 
The attention of the diners is sure to wander to them, and that feeling 
of unity so essential to an harmonious effect is lac^king. There is a 
strife between the center of interest and these side-shows. Little 
may be said in favor of wall brackets as ordinarily used in a tlining room 
even as secondary fixtures, and there is much evidence upon which they 
may be condemned. If they are heavily shaded, cquippcnl with very 
small lamps, and merely flank certain articles of furniture, they may be 
delightful notes in the setting. 

Well-shaded candlesticks (containing small lamps may be attractive 
on the table, and they may be very effective. They must be short in 
order that the view of the diners may not be obstructed, but too often 
they arc a sourcce of glare. Their Ixjst (jffice is to supplement a low 
intensity of general lighting from fixtures whi(‘h alone do not provide a 
satisfactory effect. If their disadvantages are over(‘oine, they add a 
charm to the setting, but the unsightly annoying wire which often 
dangles from the central fixture j^revents them from being wholly 
satisfactory. Candlesticks on the buffet provide a delightful touch, 
but too often these arc so bright that they overbalanc^e the primary 
lighting effect. Miniature lamps arc satisfactory for this purpose, and 
the low voltage may be obtained from a small transformer. A satis- 
factory expedient is to connect two lamps of ordinary voltage in series. 
A further refinement in this case is a series-parallel switch, for there 
still may be occasions when the higher intensity of a paralkd connection 
is desired at the buffet. 

There are several types of fixtures which illuminate the dining table 
predominantly, but often certain (ktails arc neglected with the result 
that the best effect is not obtained. The shape and height of shades are 
usually very important factors. 

The candelabrum, a cluster of hybrid candles surmounted by frosted 
lamps, is a ceiling fixture Which has been widely instalkxl in dining rooms 
in recent years. When candelabra are not equipped with shades, the 
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dominant light is distributed upon the ceiling. The lighting effect is 
not very different from that of the inverted bowl and is far from^hc 
best. If the lamps are equipped with suitable shades much of the light 
may be directed downward. Although the use of shades improves the 
candelabrum, it is not wholly satisfactory, for the diner on looking up 
sees these lamps or the bright inner linings of the shades. The con- 
sciousness of their presence is distracting. This and many other experi- 
ments indicate that dining room fixtures should not ])c hung high unless 
they are very specially designed to confine the downward component 
to the table. A candelabrum hung low and equipped with dense deep 
shades can be quite satisfactory, but it must be niu(;h lower than it is 
ordinarily hung. 

The inverted bowl may be criticized for lighting the upper part of 
the room predominantly. It may be used to provide a low intensity of 
general lighting of different tints, if the dining ta})le is supplied with 
small lamps. In fact, the latter is a common way out for householders 
who come to realize that dining under the general lighting from the 
inverted bowl which is already installed is cpiite unsat isfac^tory. There 
are thousands of scnii-indirect bowls in use in dining rooms, but they 
were sold as ornanumts and not for the lighting effects whi(‘h they 
l^roduce. Semi-indirect, and indirect fixtures liave contributed mu(;h to 
the developnumt of lighting. They have shielded the eyes from the 
constantly increasing brightness of modern light sources, but they are 
out of place in the dining room except for providing secondary general 
lighting of a low intensity. 

The show('r, consisting of a group of pendemt shades, is one of the 
most satisfactory fixtures among those which have been widely in- 
stalkul for lighting the dining table, provided the sJiades are of proi)er 
shape and an^ hung low enough, (lenerally, the shad(*s should not be 
more than 3 feet abo^'c tlu' tabhi, tlieir lower aperture should be small, 
and they should be dense* and elei'i). Bowl-frosted lamps are usually 
more satisfactory than cle^ar ones. The downward light from these 
dense shades is much more j)owerful than the diffused light, and, there- 
fore, the tabl(', is dominantly illuminated. If the shades are of a warm 
tint, the effect may be cpiite delightful. However, a shower which is 
satisfactory when hung low is usually very unsatisfactory whem too 
high. The aim in lighting the dining tal)le should be to keep the dis- 
tribution of direct light confined consideiably below a point about 12 
or 14 inclies vertically above the edge of the table. 

The old type of dome, if properly designed and hung, provided a 
much better effect than most of the fixtures which superseded it. Its 
chief faults were its obtrusiveness and its wide aperture, which made it 
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necessary to suspend it very low. If it was raised higher, the lamps 
became visible and glare was the result. This has been a common 
misuse of this type of fixture. But instead of correcting these defects 
or of including its desirable effect in new fixtures, the lighting principle 
of the dome was abandoned when more modern fixtures were adopted. 
Fixture manufacturers have not realized that fixture's as objects may 
go out of style but fundamental lighting principles do not. This is an 
axiom which should be memorized by tln^ fixture designer, the architect, 
the decorator and the householder. When the proper lighting effects 
arc determined for a definite setting like the dining table, they should 
be retained and improved upon in new fixtures instead of being sacri- 
ficed. 

The most useful fixture for the dining table will contain more than 
one circuit, although by specially designing a fixture, one circuit can 
be made to suffice. For example, a bowl with a hole located centrally 
in its under side is better than an ordinary bowl. If a light source is 
placed in the T)roper position within the bowl, a cone of direct light will 
emerge from the hole and illuminate the table. Light emitted upward 
from the bowl will provide general illumination for the room. 

Many new fixtun^s, whi(*h possess (h^finite aims in lighting the dining 
table and the rc'mainder of the room in proper proj)ortmns, can be 
designed by a (correlation of s(cicnce and art. 

The two most important rooms in the hoiiifi fnun the st/indpoint of 
lighting have already becni discussed. The general jn-inciplcs expounded 
are applicable to some extx'iit in other rooms, although special problems 
arc encountered as one progresses through the house. 

Reception Hall. — In the reception hall, a ccaling fixture* is usually 
most practicable, but an outlet may be provided for a poitahle lamp. 
This pendent fixture may be an elalxmitc* lantern of silk or of colored 
glass panels; or, where appropriate, a colonial “ lamp ” Tuay be a 
delightful note*. A touch of color at this point is effective, but the 
intensity of illumination should be greater than is usually the (case. In 
fact, reception halls are often dingy, despite the impressiveness and 
utility of a(le(iuate lighting at this point in the home. 

Library or Den. — The library or d(*n is quite similar to the living 
room during its quiet o(C(casions. Satisfactory reading-lamps should be 
available, and the basc'board and wall rec(cptacl(*s should be laid out 
after due consideration of the arrang(mi(int of the furniture. Rest- 
fulness is the k(3ynotc of such a room, and too miKcli general lighting 
or glaring brackets and other fixtures defeat this ideal. 

Sun Room. — The sun room partakes of the characteristics of the 
living room but it ^fs generally smaller. Portable lamps for reading 
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purposes are desirable. General lighting, when the occasion demands 
it, may be obtained by means of a portable lamp supplying an upw^d 
component. Owing to the nature of the room, a central fixture Simu- 
lating a flower l)askel, or imitation flower boxes on the wall, in which 
lamps are coiu^ealed may lie utilized for sui)plying the general lighting. 
Ev(Ui an urn on a pedestal is a satisfactory place for concealing a re- 
flector and lamps for indirect lighting. 

Bedroom. — In the bedrooms the best arrangement of the furniture 
should be determined, in tli(^ case of new houses, before tlic windows are 
lo(iated. It then ])cx^omes easy to dt^termine the i)Ositions of the outlets 
if c.ertain princi])les are recognized. A wall bracket about 0 feet above 
the floor may be lo(;at('(l on each side of the dresser. A distance of 5 
feet between these two brack(its is desirable, even though the dresser 
may be much less in width. The distamjc t(uids to reduce the glare, 
but if the shaxk^s an^ d(‘nse, discomfort is seldom experienced in the 
bedroom ])ecaiise the wall c()V('riiigs arc usually of light tints. A base- 
board outlet should b(* ])rovided for small dri'sser lamps, or for brackets 
if the}" ar(? mounted upon the dressia*. Tlu' dr(\ssing table is treated 
in tli(‘ saiiK' manner, but inasmuch as the user is usually seated, the 
brackets should b(‘ lowcj’. lIow(W(‘r, in this case it is best to })rovidc a 
baselKjai'd rece])tacle for drc'sser lamps. If b(\si(les these a small fixture 
is suspended from the c('iling or fi-om a bracket above the center of the 
dressing table, the lop of the head will be well illuminated. This 
combination of brackets or table lamps anti a susptmded fixture or 
overhead bracket JiitH'ts all i*c(iuir(aiienls at the dresser or dressing table. 
A baseboard outltd near the h(*ad of the bed will jaovide a connt3ction 
for a ]K)rtahle lamj), which is both <l(M*orative and useful in the bedroom. 
The room may bt' wirt'd for a ctmtral ctaling outkd, but a fixture at this 
point dot's not prtA’itle proj^er lighting for the inij^ortant places, such as 
the dresser and drt'ssing table. A ct'iitraJ ceiling fixturt^, if used, should 
be depended upon only for general lighting of moderate intensity, 
except ill very small rooms. 

Closets. — The clost'Ls should be wired for a pendent lamj) if they do 
not retieive suilicient daylight and artificial light. This will often be 
welcomed, and will ]iay for itself many times. Switches which operate 
when the door opt'iis iiiv. not gt'iierally advantagt'ous for closets in the 
home. Usually a inill-chaiii socket is (piite satisfactory. 

Sewing Room. — TIk' sewing room in a middle-(dass home is usually 
a small room which may sc'rve as a bedroom. A central fixture is a fair 
compromise for a small bedroom, but for sewing an intense local illu- 
mination is desirable. If the room is definitely set aside for sewing 
purposes, a pendent shade hung low may serve well, but it is desirable 
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to provide a baseboard outlet for a portable lamp. The daylight ” 
lamp has been found useful for sewing purposes. 

Bkthroom. — The problem in the bathroom is to provide a suitable 
arrangement of lamps for the mirror. The solution of this problem is 
very simple despite the many devices which have been designed. In 
order that an object may be seen, it must be illuminated whether it is 
viewed directly or its image is viewed in the mirror. Two light sources 
— one on each side of the mirror — at a height of about 65 inches, serve 
the needs very well. If upright brackets are used, the outlets for wires 
should be about 5 feet above the floor. They arc low enough to elimi- 
nate annoying shadows during such operations as shaving, and, one being 
on each side, the face is well illuminated. The light sources are well out 
of the direct line of vision, and no discomforting glare is experienced if 
small, dense, upright shades are us('d. In fact, pull-chain porcelain 
sockets containing diffusing lam))S arc quite satisfactory, but in this 
case the outlets for wires should be about 65 iiudies above the floor. 
These fixtures provide satisfactory gcmeral lighting for the bathroom. 
A baseboard or wall receptacle should be provided for electri(ral devices. 

Stairways and Halls. — Stairways are best lightcal by ceiling balls 
or bowls controlled by the usual three-way swilchc's. Fixtures of the 
same character arc satisfactory for halls and vestibules. Wall brackets 
may be used if they are more approjmate, providcnl their installation is 
warranted by the structural conditions. However, stairways should 
be adequately illuminated as a matter of safc'ty, and ceiling fixtures such 
as balls and bowls generally (cannot be excelled. 

Kitchen. — Tlie most common error in (he kitchen is to suspend a 
combination fixture from the center of the ceiling. On account of the 
gas burner, this must extxuid consideralily below 1]i(‘ ccaling and is often 
inconveniently in the way. Besides, this low position of the light 
sources reduces their effectiveiK'ss b(M*ause the worker is oft(m annoyed 
by her own shadow. A combination fixture is valuables for emergencies, 
but it should be a wall bracket. The central fixturt' should be close to 
the ceiling, and for this imrposc an enclosing unit e(iui})ped with a 
clear-bulb lamp or a “ daylight ” laiiq) is quite satisfa(;tory. Wall 
brackets should be installed over the imj)ortant places, such as the 
stove, the work table and the sink. Tf the work plac^es in the kitchen 
have been laid out beforehand with the idea of saving mileage,'' it is 
easy to locate the outkTs for fixtures. 

Entrance. — At entrances, it is advantageous, when appearances 
permit, to place the lighting fixture near the side on which the door 
opens and at a point not too high. This makes it possible to distinguish 
the features of the caller. This can be done at the rear door regardless 
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of appearances. An illuminated house number is an appreciated con- 
venience whether it is illuminated by the entrance fixture or is a sdt 
contained unit with translucent glass on whicih the numbers are pla(fK. 

Porch. — The best fixture for the porch is an enclosed unit such as a 
ceiling ball or bowl. This is often merely a ball frosted on the inside, 
and although sometimes satisfactory in interiors where much light is 
reflected by the walls and ceiling, it is mu(;h inferior to a prismatic globe 
which directs the light downward. Much reading is done on porches in 
the summer time, and a directive unit, even though it must be an open 
prismatic reflector, is quite desirable. Light is lost at the open sides 
of the porcjh, and the ceiling and wall of the house do not contribute 
much light by rcflec^tion; therefore, the control of light by means of 
proper reflectors or prismatic balls is desirable. 

Basement. — l^he basement of a house is often very much neglected 
from the standpoint of artificial light. Usually a light source in the 
center of the basement near the heating plant is considered sufficient. 
Nevertheless, a number of outlets in the basement are very much 
appreciated. One at the bottom of the stairs or on the stairway assures 
safety in ascending and descending the stairs. A light source above 
one of the laundry trays is desirable. Outlets in the fuel bins, toilet and 
fruit closet are desirable, and indicating snap swit(‘hes at the entrances 
of these rooms arc convenient and will eventually i)ay for themselves by 
tending to show when lamps are operating needlessly in these enclosed 
spaces. 

Miniature Lamps. — Often miniature incandescent lamps may be 
used in the home under conditions where ordinary lamps are not accept- 
able. Furthermore, low-voltage lamps may readily be installed now 
that small transformers are available. These laiiij)s may be operated 
on the low-voltage circuit of individual bell-ringing transformers, or one 
of the latter may supply a number of lamps, (k'pending ui)on the cir- 
cumstances. Consider the actual conditions in a certain home. On 
the mantle an^ two oriental antiques which in ages })ast (Contained small 
candles. Ordinary lamps could not be installed because of their size, 
and even if they could be, the result would be unsatisfactory owing to 
the excessive quantity of light. The problem was easily solved by 
installing very small transformers (taken in this c^ase from night- 
light units) in the hollow metal bases of the antiques. Bayonet sockets 
and small automobile incandescent lamps provided a very compact 
arrangement and the amount of light was adequate. This arrangement 
made it possible to connect these lamps directly to the 115-volt plug 
on the mantle. 

A combination of switch, socket and small 115-volt candelabrum 
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carbon lamp was installed in a modern phonograph in the same room. 
The carbon lamp was used because it was smaller tiian any available 
tuhgstcii lamj) of the same voltage. The lighting for illuminating the 
needle of the instrument can be made much more (;ompa(;t by using a 
miniature lamp and socket (connected to a small transformer in the base 
of the instrument. Then the latter may be (connected direc^tly to a 
115-volt base plug. 

In another case, in the dining room, two very small and delicate 
candlesticks were equipped with miniature sockets and lamps. The 
medium-screw sockc'ts and lamps would Ix^ entirely too large in this 
case. A small transformer was concealed back of the^ buffet upon which 
the candlesticks stood. This solved the ])rol)lem v(Ty satisfactorily 
and again the potentiality of liglit in mod('rn form was drawn upon. 

A similar case* was found in the study, wlu're a, candlestick was serving 
as an ornament. However, in this case it was found l)(\st to (conceal a 
very small transformer in a wooden base made' for the purpose. Tlie 
candlestick provided with the miniature lamj) was placed upon this 
pedestal and th(‘ ornament was thus vitalized by artificial light-. 

In some of these* erases, artificial light could not have* been applied 
satisfae'tenily without resorting to small transforme*rs anel miniature 
lanij)s. Various other uses fe)r this kind of (*epiipment have^ also been 
found. 

A house number painted ii))on translue'cnt glass, illuminateel from 
behinel by nie*ans of one or two miniature* lamjis feel by the bedl-ringing 
transformer, is a convenie*iie‘e^ whieii is a,])pre‘eiateHl by e'a11e*rs. 

The same gcneu’al seiie*me* is a])plie‘able to a night light, in tlie hallway 
or batliroeim; for lighting the clock, therme)m(‘t.e‘r, e)r othe*r elevie^es; 
for light signals of various kinels for indicating when electric elcvice\s, 
such as the toaster, flatiron, or even attie* anel base'inent lights, are in 
operation. There is mue*h reieini for developing the use of miniature 
lamps, sockets anel transformers for the home, and, eif course, for 
other fields of lighting. 
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LIGHTING OF PUBLIC BUILDINGS 

[M. LncKiEsii] 

School Lighting 

Many of the problems of lighting encountered in schools do not 
differ materially from those found in other interiors. However, there 
are many specific problems worthy of special study. In the discussions 
whicli follow, the viewpoints are those j)eculiar to stliool buildings. 
The aspects which they have in (common with many other structures 
will be passed over briefly if they are touched ui)on at all. 

There are more than twenty million scihool children in the United 
States who are devoting several hours eacli day to study and to the 
performance of other work. The child’s e^^es arc immature in growth 
and in funcjtion and, tli(a’eforc, arc suscn^ptible to injury and to def- 
ormation by inadequate and improper lighting. In no other field of 
lighting can one find greater oi)])ortunitics for serving mankind. Ac- 
cording to statistics, about 15 per cent of the total number of school 
children have seriously d(’fe(;tive vision. In many cases the percentage 
of these dc»fe(‘tives has been found’ to increase with ag(‘. This increase 
can be att.ributed largely to the manner in which the eyes are used, 
and in many cases impro[)er and inade(|uate lighting is a contributing 
factor. This is an age of }>revention. Satisfactory lighting and suit- 
able instruction in tlu; use and (!are of th(i eyes are important factors 
in the (lonservation of vision. 

From hygi(mic and psycliological vi(nvpoirits, the order of preference 
for exposures of rooms is cast, south, w(‘st-, north. 

There has been no standardization of illumination intensities for 
various classes of visual o])erations; how(»ver, the tendency is toward 
higher intensities than those in us(‘ in the past. 

The minimum and recommended intensities of illumination for 
schools, as adopted by the llluniin.Mting Engineering Society in the 
Code on Sediool Lighting for School Buildings, are presented in the 
accompanying table. 

All light sources should be properly shaded to minimize glare, be- 
cause glare produces eye-strain either directly or by decreasing visi- 
bility, thereby makipg it necessary for the eyes to be brought nearer to 
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TABLE XLVI 
Illumination 



Foot-candles 

On the Space* 

Minimum 

Roquirod 

Kecom- 

meuded 

Walks, drives and other fniciucnUid outdoor areas if used at 



night ... 

0 1 

0.5 

Playgrounds, outdoor 

0 5 

2 

if used at niglit for baseball, basketball, etc. 

5 

10 

Storage spaces, passages not used by pupils 

0 2.'> 

2 

Stairways, landings, corridors, aisles, main exits, eh^vator 



cars, washrooms, toilets 

3 

5 

Boiler rooms, power jilants and similar auxiliary spaees 

1 

3 

Locker spaces 

1 

3 

Recreation rooms, gymnasia, swimming pools. . . . 

3 

7 

On tbo Work* 



Auditoriums, assembly rooms 

Classrooms, study rooms, desk-tops (auditoriums or olla^r 
spaces when usial for eJass or study purposes shall nu'et 

5 

8 


12 

this requirement) 

8 

Blackboards, charts, etc. 

S 

12 

Library (reading tables, catalogs, bcioksliclves) . . 

8 

8 

12 

Laboratories (tables, afiparatus) 

12 

Manual training rooms, workshoi^s, etc. 

8 

12 

Drafting rooms, sewing 

15 

25 


* Whoro tlio Hpuce* <>i woiK is nol {-UviiI.n (nideiil, (lu* illutiiin.'iliuii in)i\ })(‘ iiie.iHiiiod dii h liorizuiitnl 
piano 30 inches above the Ho<jr Sueli a caw is an auditorium. However, whore the Kpace or w'ork ia 
clearly evident, hucIi as .stair slops and desk-t4>j)H, tho illumination shall be measured oi' tlio plane of 
the steps and dosk-top.s rospoctivoh' 

the work thiin they should ])e. The hitter is one of tlie faults of inade- 
quate liglitiiig and is j)artly resjionsible for the development of near- 
sightedness. lighting units should he hung high so as to he as far aa 
possible outside the field of vision. 

Light sour(‘es or lighting units shoulil h(' placed so that there is an 
adequate and satisfactory^ distrihution of light upon the work find so 
that th(ire are no ohjectionahle sluidows and shar]) contrasts in bright- 
ness. 

Color and Finish of Interior 

Walls should have' a reflection-factor witliin the range from 30 per 
cent to 50 piir cent. The preferred colors are light warm gray, light 
buff, dark cream, and light olive green. (\'ilings and friezes (the 
latter in the c^ase of high ceilings) should ha\t' a reflection-factor of at 
least 65 per cent. The preferred colors are white and light cream. 
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Desk-tops and other woodwork should have a reflection-factor not 
exceeding 25 per cent. There arc obvious exceptions, such as boiler 
r^ns, dark rooms, laboratories for experimenting in light, radiation 
and illumination ; dadoes in classrooms, auditoriums, etc. 

The color of the edges of treads on all stairs used as exits should be 
such as to show the edge of each step by contrast when viewed as in 
descending. 

PJmergcncy lighting should be provided at the stairways and exits, 
and it should be reliable in order to insure safety in the case of fire or 
other catastrojihes. 11 is also advisable to have switches in stairways, 
corridors, basements and storerooms in order that artificial light may 
be readily available at any time C^onvenient switches increase the 
use of light and thereby reduce accidents. 

Of course, all lighting systems should b(^ properly maintained in order 
to prevent deterioration due to the accumulation of dirt, to burned- 
out lamps, and to other causes. Windows, overhead skylights, light- 
ing units, ceilings and walls should be cleaned as often as necessary. 
Neglect of these factors is (piite common. It has been found that a 
well-regulated system of inspection and of cleaning is desirable and that 
this is the best way to insure against neglect. The depreciation in 
intensity of lighting due to neglect may be from 10 to 40 per cent in 
many cases. 

One of the fundamental I'ules for jH'opeu’ lighting of desks is to have 
the preponderance of light come from the left sidcj. This, of course, 
assumes that all persons are right-handed. Owing to this fundamental 
principle of lighting, so-called unilateral lighting has become popular 
for classrooms; that is, the windows an* plac^ed only on one side of the 
room and the d(\sks are arranged so that the* windows an^ on the left 
of the pupils. From the viewpoint of natural lighting, unilateral light- 
ing appc'ars to Ix' the most satisfactory method of lighting classrooms. 
This method of lighting is recommended when^ tlu' width of the room 
does not exceed twice the height of the top of the window. 

For rooms of unusual width, such as auditoriums, daylighting may 
be provided by means of windows on the right and kdt sides of the 
room. 

Windows at tlu; l(‘ft- and n^ar, wIkto pra(;ti(;ablc, are preferable to 
those on both the left and right sides of tlui room in the (;ase of inter- 
mediate-sized rooms, ])C(;ause of cross shadows cn^abxl by lighting from 
opposite sides of the room. Lighting by overhead sources of natural 
illuiiiination, although sometimes used for assembly rooms, auditoriums 
and libraries, with relati^fely high ceilings, has ordinarily little applica- 
tion in classrooms. .When overhead sources of natural Illumination are 
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used the light should come from a north skylight or saw-tooth con- 
struction and should bo oriented to exclude direct sunlight. ^ 

To secure the highest lighting values in a side-lighted room, it^is 
recommended that the room be so designed tliat no work space is 
distant from the window more than twice the height of the top of the 
window from the floor. 

The sky as seen through a window or skylight is a sourtje of glare. 
For this reason the seating aiTangcmcnts should always be such that 
pupils do not face the windows or skylights. 

Windows 

Tests of daylight in well-lighted school buildings indicate that, in 
general, the window-glass area should not be less than 20 per cent of 
the floor area. As the iippc'T part of the window is more effective in 
lighting the interior than the lower part, it is recommended that the 
top of the glass be at no greater distance than G inches below the ceil- 
ing. The sills of side windows should be not less than 3 feet or more 
than 4 feet above the floor. No light should reach the eyes of seated 
pupils from below the horizontal. 

Overhead skylights have l)een tried for the day lighting of (class- 
rooms, but at ])res(Mil insuflicienl general experience is available to 
pass judgment. 

The lighting value of a window at any given location in tlu' interior 
depends upon tJu' briglitncNss of the sky and upon the area visible from 
the givcm location. (Vrtain investigations in well-lighted classrooms 
having a fairly unobstructed horizon indicate tliat, under normal con- 
ditions of dayliglit, satisfactory intensities of illuininatioii are obtained 
at any point wh(*r(' a niiniiriuin vertical angkc of o (h^grees of sky is 
visible. Tliis assumes that the windows are of the ordinary shape and 
that, thciir areas are at kcast 20 jx'r ccuit of th(' floor .area, therel^y pro- 
viding sufficient visible sky longitudinally. It is important to main- 
tain a fairly un(ff)structed horizon if dayligliting is to be satisfactory. 
In cas(\s when* tliis condition d(K\s not exist, that is, where there are 
adjacent buildings a,nd tree's, a larger window area sliould be* provided 
unless artificial lighting is to be dependi'd upon for a great jiart of the 
time. 

I'he sky as s('en through the window is a source of glare; for this 
reason, the seating arrangement with respecct to the windows is impor- 
tant. It is necessary to jirovide window shades 7or controlling the 
daylight. Direcct sunlight is desirable, but it is often necessary to ex- 
clude or to diffuse it by means of shades. Thcf latter also may perform 
the function of eliminating glare from blackboards. , From a considera- 
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tion of the requirements, it appears desirable to equip each window, 
especially in classrooms, with two shades whose rollers are fastened 
_ near the level of the 

meeting rail in the mid- 
dle of the window. The 
shades may be raised or 
lowered from the mid- 
dle, an arrangement 
which provides the max- 
imum flexibility in the 
shading and diffusing of 
the light. The shades 
should be preferably 
of yellowish material, 
fairly translucent, so 
that a considerable por- 
tion of the light is 
transmitted. A more 
complete control can 
be obtained by adding 
another pair, installed 
in a manner similar to 
the first. These shades 
should be dark green in 
order to exclude the 
light almost entirely. 
Various other types of 
shades have been tried 
and may be useful in 
special cases, but the 
double shades just de- 
scribed appear to an- 
swer most requirements 
in schools very well. 

Light reflected from 
exterior walls, such as 
those of light-(*ourts, is 
veiy helpful in increas- 
ing the interior illumin- 
ation. For this reason, 
the walls of courts should l)e painted with coatings having high re- 
flection-factors. 



Fici. 117. Diagramin:iii(j Illustration of Glare from 
Blackboards. 

(a) Showing that occupants of scats in. shaded area 
are subjected to daylight glare from black- 
boards. 

Showing angle.s at which glare is experienced 
from daylight and from artificial light. 
Arrangement of local artificial lighting to mini- 
mize glare. 


(h) 

(c) 
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It is not difficult to draw diagrams to show the possibilities of glare 
from windows, artificial lighting units, and from blackboards. (See 
Fig. 117.) These diagrams are particularly useful in studying #tne 
locations of blackboards. The latter should never be placed near or 
between windows. Where glare from blackboards is very annoying, 
it may be overcome by illuminating them by means of artificial light. 
The light sources in this case should be placed near and above them, in 
such a position that no light is directly reflected into the eyes of the 
pupil. A diagram in wliich the angle of in(;iden(!e is et^ual to the angle 
of reflection will reveal the j^roper iK)sition for these light sources. The 
latter should be wcill shaded from the eyes of tlu^ pupils. 

The artificial lighting of schoolrooms is not materially different from 
that of large offices and (certain other interiors. If direct lighting is 
used, the shades should be deep and dense and the lighting units should 
be hung high. Semi-indirect lighting has been (extensively installed in 
classrooms, assembly rooms, libraries, etc., and it is very successful if 
the glasswane is densce iind if it is cleaned often enough. Recently, 
enclosing units which (emit most of the light geiK'rally downward have 
found favor in sceliools. Tluey are effi(eicnt and nniuire kess mainte- 
nance. The ligliting units in any case should be phueed w(ell outside the 
ordinary range of vision. 

It is commonly noted that the admixture of daylight and yfellowish 
artificial light is not satisfactory; th(er('fore, it is sometimes better, as 
darkness approaclues, to exclude the daylight by moans of window 
shades and to use artificial light exclusively. Where tine discrimination 
of color is important, as in sewing and art rooms, artificial-daylight 
units should be installed. (Uossy surfaces of ])apcr, blackboards, walls, 
woodwork, and desk-tops are likely to cause (^yc-strain, because of the 
specular refle(*tion of images of light sour(!Cs. Obviously, the best 
efforts towjird shading light sour(^cs from the eyes and placing the 
lighting units out of the normal range of vision may (^ome to naught 
if the pupil sits with a mirror in his hand. Glossy surfaces are near- 
mirrors. For this reason, in the interest of lighting and vision, mat 
surfaces are desirable. A great deal of good will result if (‘hildren are 
instructed to hold their books properly and to assume a correct position 
with respect to the dominant light. Good lighting in schools conserves 
vision during the hours that pupils arc subject to it. If the pupils are 
taught to respect and to safeguard their vision, the generation which 
is now growing to manhood and womanhood will not be so indifferent 
to those factors which are harmful to eyesight as is the present genera- 
tion. 
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Design of a Lighting Installation 

'i'his subject is too involved to be handled in a short treatise unless 
limitations are set on the scope of the discussion. These considerar 
tions, therefore, will be confined to the design of a lighting installation 
for a classroom 32 feet by 24 feet, illustrated in Fig. 118, with a ceiling 
height of 12 feet, tlui latter having a reflection-factor of 70 per cent, 

and walls having a re- 
flection-factor in the 
first example of 50 per 
cent. 

The factors which de- 
termine the size and 
number of lamps to bo 
us(h1 in a given room 
will be coTisidcred in 
tlie following order: 
first, illumination in 
foot-can dl(*s to sup- 
plied; second, the floor 
aT(‘a, which in this case 
is 32 by 24 f(‘et, or 708 
scpiare fc'ct; third, tlie 
amount of light- in lu- 
mens emitted from each 
lamp; fourth, the cocf- 
flci(‘ii( of utilization of 
the lamj;)s and their 
accessories as installed 
in the room. 

( 'omfRitations to de- 
tcTinine the proper size 
of in(!and(^scent fila- 
ment lamps may be 
made as in Cfiiapter V or by the use of the following equation: 






ibnnnnnnn 
finnnnnnn 

32 ' 0 -^ -- 




Z.1 E 




;b 

"H Indicates Ceiling- Outlet for Artificial Lighting 

Fic. 118. Elevation and Plan of a Classroom I II Lis- 
trating th(" Position of Oullots and Luminaires of a 
Direct Ijigliting System In modern practice m 
classrooms the width vanes from 20 ft. to 2o ft, 
the length from 28 ft. to 32 ft., and the heighi from 
12 ft. to 1 1 ft. 



In this equation, L is the lumens emitted by the lamp, A the area 
of the floor or horizontal work jJanc in scpiari^ fc^et, I the illumination 
in foot-candles, E the coefficient of utilization, N the number of lamps 
required. 
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The first step in using this equation is the determination of the 
number of lamps required. From experience in school lighting it ^ 
ascertained that in order to obtain the desired distribution of illumiwia- 
tion, luminaires should not be spaced farther apart than a distance of 
1.5 times their elevation above the desk-tops. For instance, if the 
luminaires are hung 8 feet above the desk-tops, the maximum spacing 
between them should not ex(;eed 12 feet. Now, (considering the prob- 
lem of a typical classroom (32 by 24 feet) having the minimum ceiling 
height of 12 feet, one must first d(4x^rmine the number of luminaires 
required. The plane of the work will bo that of the desk-tops, whi(4i 
is a horizontal j)lano approximately 24 inches above the floor. Then 
if the luminaires are installed in ceiling-type fixtures and an allowance 
of 18 inches for depth of fixture and globe is made, the elevation of the 
light source above the plane of work will be approximately 8| feet. 
Hence, the maxinnim spaccing b(4wecn luminaires must not exceed 12 
feet, 9 inches. With a room of th(\se dimensions, six luminaires, there- 
fore, would be required, spacced approximately 12 feet apart as illus- 
trated in Fig. 118. In this example assume that an illumination of 10 
foot-candles is (kesired. Assume also that a luminaire of highly diffus- 
ing enclosing glass is (*hosen and that the ceiling and walls have re- 
flection-factors of 70 per (cemt and 50 per cent respe(ctiv(dy. Under these 
conditions, the coeflicicnt of utilization will be 0.39. Applying the 
formula 


, 32 X 24 X 10 , 

^ = - 0 '. 3 «X G“ = lumens. 


How much to allow for depreciation with a given type of luminaire 
depends to a considerable extent (ui the loccality and the nature of the 
work carried on. Experience has shown that a factor of safety of 1.3 
provides for average conditions if a schedule of regular and fr(‘(pient 
cleaning is adhered to. Applying this factor to the* ])roblem at hand, 
it will be nec,(\ssary that (‘ach lamp supply (3282 X 1.3) 4267 lumens. 

The 300-watt lamj) is the nearest size of (dear-bulb gas-filled tungsten 
lamp which will supply the re(piired lumens, wluireas the nearest size 
of daylight gas-filled tungsten lamp which will supjdy the re(iuired 
lumens is the 500-watt lamp. 

In a room of this size, only four outlets are necessar>^ if indirect- 
lighting luminaires or semi-indirect luminaires with dense glass bowls 
are used. The utilization factor for semi-indirect lighting with dense 
glass luminaires is 0.33 for the same room and conditions used in the 
previous computation. Applying the formula, 


L 


32 X 24 X 10 
0733 X 4 


= 5818 lumens. 
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Allowing for depreciation as was previously done, 5818 X 1.3, or 
X.563 lumens, are necessary from each of the four light sources. The 
nehtjest size of clear-bulb electric filament lamp is 500 watts. Here a 
total of 2000 watts would be used as compared with 1800 watts in the 
direct-lighting case, but the illumination intensity would be slightly 
greater in the former. (If course, the illumination intensity would be 
identic^al in the two cases if it were possible to obtain lamps of the exact 
size computed. 


Auditoriums 

There arc some gcuieral lighting principle's applicable to all audi- 
toriums, but the details of ligliting arc as varied as the ar(;hitecture, 
the decorative s(*hemes and the ])urposes of such inteu’iors. The light- 
ing of siK^h interiors is im])ortant enough to warrant mu(*h study of any 
specific case. 

In all auditoriums it is assumed that there is an aiulience facing in 
a certain general din'ctJon and a person or persons located in front and 
facing the audience. Obviously, then, there an' two view}K)ints to be 
considered. However, if the lighting of the audit oiium cannot be made 
satisfactory from both viewj)oints, it is obvious that th(^ audience must 
be given first considerat ion. 

There should be no liigli brightnesses in the normal visual field and, 
if possibhi, all light sources should be well shaded from the eyes. Low 
general brightnesses of lighting units and walls are generally desirable 
and excessive contrasts shoukl b(' avoided. The intensity of illumina- 
tion should be sufficient to enable Ihe audience to read with comfort. 
The practice of controlling the artificial lighting of the auditorium by 
means of dimmers is growing, and it is a very comiiK'ndable one. This 
not only eliminates the abrupt changes in int('nsity which arc annoying 
but it also provides the i)ossibility of adjusting tlie light to tlie intensity 
desired for any event. 

In general, a much greater intensity of ilhmiination upon the plat- 
form, stage or chancel is required than in the auditorium. It is de- 
sirable to eliminates glare from the auditorium light sources as viewed 
by those on the platform, but this is sometimes difficult to do. Further- 
more, in order to illuminate the filatform sufficiently to satisfy the 
audiencjo, it is often nee^essary t(T use con(;ealed footlights and other 
concealed light sources whi(;h arc glaring, especially when the audi- 
torium is dark. These light sources (;an be frosted or shielded by 
diffusing screens, thereby lessening the annoyance of after-images. 
Incidentally, the background of the platform, stage or chancud should 
not possess a high reflection-facdor. If it docs, it is likely to appear 
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quite bright and, therefore, when the auditorium is dark or dimly 
lighted, it will present a high contrast to the audience. ^ 

Some quite harmless-appearing backgrounds are quite discomfolting 
and fatiguing, even though no light sources arc visible to the audience. 
These are excellent examples of the undesirability of high contrasts in 
brightness. 

Exit lights are usually recpiired by law, and the building codes should 
be consulted as to tlicir number and location. Emergency lighting 
circuits are often required. In some public buildings these arc supplied 
by means of storagci batteric^s in order to insure, as much as possible, 
their being available when the emergency arises. 

The minimum intensity permissible for auditoriums is about 3 foot- 
candles, although at least 4 or 5 foot-candles are usually required for 
reading without eye-strain. If an auditorium is lighted by means of 
vertical windows, they should b(^ in the side walls, preferably on both 
sides. If th('y are recessed or set in thi(;k walls, the possil)ility of glare 
from them is reduced. Windows at the rear are desirable, and if only 
one wall is availal)le for them, the nnir wjill is usually the best. An 
audien(;e should not be reciuired to fa(‘e windows; fortunately, this is 
seldom the case exce])t- in chureJi('s, where the windows are usually 
staiiK'd and therefore are r('du(*ed in briglitiu'ss. The windows in the 
side walls sliould b(‘ liigher than in ordinary rooms. The light should 
be controlled by means of shedes, louvers, (‘tc. 

Overhead skyliglits of small or moderate^ aixais may be used suc;cess- 
fully in auditoriums, but there are inherent disadvantages in mainte- 
nance' and in the exclusion of daylight when this is dc'sired. 

Inasmuch as it is difiicult to illuminate the platform by means of 
windows at its sides or back without annoyance' to the audience, it is 
usually desiralde to provider auxiliary artific.'ial lighting for it, even in 
the daytimes when the auditorium is lighted by means of windows. 

The possibilities of artificial lighting are much more extensive than 
those of day lighting. In auditoriums wliere the (idling is high, the 
chandelier may be still used succc'ssfully, thus ])roviding one of the 
excellent o})portunities, which are decreasing in numbc'r relatively, for 
the artist in fixture design. If these chandeliers are hung very high, 
frosted or other diffusing lamps can be usc'd. However, it is best to 
provide diffusing shades if possible. 

Semi-indirecd. lighting units with very dense bowls have found much 
favor in auditoriums. They satisfy the demands for a luminous unit, 
and still most of the light is well diffused by reflection from the ceiling 
and upper walls. These are perhaps the best solution for the less 
pretentious interiors of this character. 
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When the ceilings are high and dark it is necessary to use a direct- 
lighting unit. This can be made in the form of a deep lantern with 
luiAmous panels and an opening in the bottom. This opening may be 
covt^red with wire-glass as a safeguard and it may be desirable to have 
this glass slightly diffusing. Sandblasting or acid-etching suffices if 
a slightly milky glass is not available. 

Indirect lighting units of a variety of designs may be devised. They 
may appear to l:)c lanterns; they may have slightly luminous bowls; or 
they may be opacpio objec*ts as decorative as desired. Silvered reflec- 
tors are usually emifloyed in these in order that they may be of the 
highest efficiency obtainable in a practicable manner. Very attractive 
pedestals have been used in many (*a,ses, the' light sources and silvered 
reflectors being concealed in bowls surmounting the pedestals. 

In an Jiuditorium where there are many ornamental details, lamps 
and reflectors may be corn^ealed behind them. Thus (*ornices, rosettes, 
etc., conceal the lighting units, and the ornamental details arc not only 
modeled by the distribution of light and shade but the auditorium is 
lighted indirectly. Direc^t lighting units may be concealed behind 
beams running across the c(*iling if the ceiling is low enough and the 
beams are deep enough. Imitation flower box(‘s or more formal devices 
may be fastened to the walls for the purj>ose of obtaining indirect 
lighting. These are exampk^s of the numerous devices which arc 
available. 

If tlKTC are galleries, the lighting under these must be considered 
in addition to that of the auditorium proper. Furthermore, the audi- 
torium lighting shoidd be such that it does not annoy the o(*(‘upants of 
the galleries. In other words, the light source's in indirect units, behind 
coves, in wall boxes, etc., should not be visible from the galleries. One 
of the common annoyances of the stage boxes is the glare from tlie foot- 
lights. 

As architec'ts and illuminating engineers learn to apj)reciate a new 
viewpoint toward lighting -that it is a medium to be handled as the 
decorator ^anploys his media — auditoriums will be painted with light. 
Furthermon', the mobility of light will be clrawn upon to provide the 
element of vari('ty. If in the indirect ligliting units, in the cov(*s, in the 
spaces behind cornicles, several lighting circaiits an* installed, a variety 
of effects may be obtained. The light obtained from these circuits may 
be of different tints. In some cases the puriir colors could be used and 
an extreme variety of tints could be obtained by mixing them. In such 
a case dimmers arc desirable. If the various circuits arc arranged in 
accordance with arches, cornices, panels, etc., it is obvious that many 
decorative schemes are available. 
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There are a few notable instances where light sources of various 
kinds and tints have been located above decorative glass ceilings, tlj^e 
different kinds of light sources being distributed with proper re<^ect 
for the various elenicnts in the ceiling. However, this is permissible 
only in the more elaborate interiors. The future appears to call 
for the use of a multipli(aty of circuits laid out for the purpose of 
utilizing the mobility of lighting. 

Theatres 

In theatres there are again the two viewjwints or two general lighting 
problems, namely, that of the stage and that of the auditorium. Fur- 
thermore, at the present time, the moving i)icture theatre affords some 
special problems in lighting. 

The Auditorium. “ Publics auditoriums having been discussed, only 
the problems and possibilities ficculiar to the theatre will be touched 
ujjon. Here, lighting etfef-ts bordering on the si^ectacular are permis- 
sible. Various color effec'ts and lighting novelties may be introduced. 
Dimmers for (‘ontrolling tlu^ auditorium lights are desirable. They 
make it j)Ossil)l(5 to control the light for c.('rtain lighting effects and to 
reduce or incnaise gradually the intensity of the illumination when the 
curtain goes uy) or down or when the j)ictures b(^gin or (H^ase. 

Moving Picture Theatre. — In the moving ])icture theatre, there are 
a number of i)roblenis pertaining yiarticularly to tlie physiologic.al 
aspects of vision. A short yxriod of discomfort is exi)ericnced as one 
enters a darkened tJieatre watii eyes ailapted to daylight intensities. 
In many (*as(\s it is y^ossible to flecrea.se gradually the intensity of arti- 
ficial illumination fioin the strfxd entra.nc(j to tlu; auditorium entrance. 
In the case of a long, straight foyer leading from th(‘. street to the audi- 
torium, this is likf^ly to b(' the result of the natural gradual decrease 
ill the intensity of daylight. Just Ixdore the yiicUires begin, illumina- 
tion of the auditorium may Ix' gradually flecreased. Such refinements 
are apyn’eciated by tla^ audifmc.e. 

Glare. — A common sourct* of glare is th(^ bright screfui in contrast 
with the dark surroundings. Attemy)ts art» madf^ to decrease this and 
to make the siirrouiK lings of the s(*reen more attractive, by emy^loying 
effects of colored light on tJu^ stage. This can Ix', veiy successfully done. 
However, from the standyxiint of saf(*ty and of eye comfort, it is well to 
[provide a low intensity of illumination in the auditorium. Other 
common sources of glare are the lighting units used by th(^ orchestra. 
This defect can be remedu.d to some extent by careful attention to the^ 
design and use of the units; however, in the dark auditorium, tJr 
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illuminated surface of the music is often glaring. A solution is to 
IJ[ovide a pit for the orchestra. 

Kcker. — One of the annoying features of the moving picture is the 
flicker. This is greatly reduced by mcchani(;al perfection in the pro- 
jecting machine; however, it is alwa 3 \s present to some degree. The 
improvement of proje(!ti()n apparatus is still a possibility, but it will not 
come about unless certain psycho-physiological aspects of vision are 
taken into (consideration. The conspiciihy of fliccker depends upon (1) 
the relative minimum and maximum brightnesses which are altered; 
(2) the absolute value of the maximum brightness; (3) the wave-form 
of the stimulus; (4) the frecpiency; (5) the contrast with the surround- 
ings; (6) the amount of scattered light reacching the screen; (7) the 
spectral character of the stimulus (to a small extent in the practical 
case); and to other minor factors. Pra(cti(cal expedients include 
reducing the brightness of the screen, increasing the intensity of light 
in the auditorium, and inccreasing the amount of scattccred light which 
reaches the screen. 

The Stage. — The real art of stage lighting is the artistic* expression 
of an individual possessing an intimate knowledge of the facts of light, 
shade and color. 

There are many imeongruities in stage settings, espe(cially in the 
older, so-called ncalislic; settings. K('alisti(c is an unsatisfactory term, 
for many of the effc'cts are far from realism. Painted j)ers|)e(ctive and 
painted shadows Jire effective in ])roducing realism, but unfortunately 
the effect is spoiled for th(c dis(crimiuating when the real shadows do 
not harmonize with th(i {)ainted ones. Light from tlie footlights pro- 
duces shadows quite in discord with the painted ones and also illumi- 
nates the features of the actors in an unnatural iminner. Moonlight is 
often represented as a flood of blu('-green light, but- as the villain slinks 
across the moonlit area, no sharp, harsh shadow accom])anies him. 
The so-called realists may sonu^time discover that dire(;t moonlight 
casts a single, definite shadow! 

In recent years there has been a reaction, and a small number of 
enthusiastic artists arc striving to do away with the incongruities and 
distractions of the realistic* seating. The aim in the modern movement 
is to harmonize play, setting and lighting and to subordinate the ma- 
terial to the psychological. Details are reducHHl to a minimum and 
realism in the older sense gives way to the exj)rcssiveness of light, 
shade and color. 

Experiments have been madci with many devices, such as the sky 
dome instead of the borders and back drop. This dmne is of translucent 
material and is illuminated from the rear. Plp-in drops have been used. 
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Color is employed for its deeper meanings. The lighting effects have 
run the whole gamut from silhouettes to brilliantly illuminated objecj^ 
and actors seen against a dark background. The mobility of lighVhas 
enabled it to be interwoven with the drama, with music, and with the 
dance. The language of color has been drawn upon and many novel 
effects have been tried. 

Stage-lighting equipment ordinarily consists of footlights, border 
lights, spotlights, floodlights and various colored media. Elaborate 
sets of dimmers and electric circuits are interconnected by means of 
switches. Of course, the lighting requirements depend upon the pro- 
duction so that there is no permanent arrangement. On the smaller 
stages it is a common procedure to provide three parallel circuits con- 
taining clear, red and blue lamps, respectively. By referring to the 
principles of color-mixture presented elsewhere, the limited possibilities 
of these three circuits will be recognized. By mixing red, green and 
blue lights, any desired (;olor can be obtained. If space is limited and 
extreme flexibility is desired, these three primary lights afford the 
greatest possibilities. Next would be added a circuit of clear lamps. 
This would afford light when a conspicuous tint was not desired. Tints 
could be obtained directly by adding colored light to the light from the 
clear lamps. Next a circuit of yellow lamps might be added, bec^ause 
yellow light is very commonly desired for the stage. 

Color mixers, color wheels, gelatine filters, color caps, c^olored lacquers, 
and many other requisites for the stage (;an be purchased from the 
supply companies. The recent developments in incandesc^ent filament 
lamps have simplified to some extent the production of lighting effects, 
while automatic arc; lamps have also reached a high state of develop- 
ment. With filament lamps, spotlights, floodlights and other apparatus 
can be controlled at a distance with greater surety than the more in- 
tricate mechanisms of arc lamps. Where very high luminous output 
is required from a single source, the arc lamp leads the filament lamp. 
Colored lacquers are fairly satisfactory when used on the vacuum 
tungsten filament lamps, but in general they fade quickly on the hot 
bulb of the gas-filled incandescent lamps. Colored gelatines may be 
used in frames, and if some ingenuity is expended in ventilating the 
device they are satisfactory for stage lighting. C'olored glasses do not 
fade appreciably and are best for lighting effects which are more or 
less permanent. 

Museums 

The museum is primarily a place where objects are displayed, and 
these objects owe much of their value to light. If they could not be 
seen they would not be much in demand. If they are seen to the best 
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advantage, in their true forms and colors, they are appreciated more 
t^an when tliey are poorly lighted. The problems of lighting in mu- 
seuiK,s vary with the character of the exhibits and with the dimensions 
of the rooms. The exhibits may (consist of paintings, objects in cases, 
sculpture, furniture, tapestries on walls, etc., or, in natural history 
buildings, of animal groups, insect (collections, fossils, skeletons, etc. 
These and the many other exhibits afford an interesting variety of 
problems. Daylight is, in general, the best (juality of light for museums, 
but the distribution of daylight can be controlled only to a certain 
degree indoors and it (cannot be controlled outdoors. Artificial light 
can be comjdetely controlled both in distribution and in quality. Arti- 
ficial daylight is desirable where the appearance of objects is important 
and it is being installed in museums. 

The design of satisfactory lighting in museums calls for the closest 
cooperation between the andiit-ect and the lighting engineer. The 
location of windows, th(c size and type of skylights, the (diara(cter of 
the wall c(3verings, the arcliitectural (kdails, and many other elements, 
are more or less determined by the charaeb'r of tluc exhibits. Northern 
exposure in this hc'misphere is (kcsirable for many activities, but it 
ay)pcars that southern ex])()surc, or daylight consisting of a mixture 
of skylight and sunlight, is approved by most c()mj)et(‘nt judges for 
art museum galleries. This assum(\s that tlu' di7*ect sunlighi. is diffused 
by curtains, glass or other media. The daylight cut (Ting Irom the 
north is (jften modifi(Hl by drap('ries or by otlua' nucaiis, in order to 
suit some (wacting critics. In gicneral, low windows are not very 
satisfactory for museum galknies, but- lla^y are better suitced for small 
rooms containing tapestries, furnitun' or cas(‘s. 

(lalleries in which i)aintings anc hung u])oii the walls arc best lighted 
from overhead sourc(cs if the light is diiected chictly ui)on the walls. 
Windows in the side walls, unl(\ss very high, are quite unsatisfactory, 
for images of fhem are reflected from the glass or varnish, directly into 
the eyes of the ()bs(Tver. (^(Testory or very high windows may be 
satisfactory in rooms which an* not much wider Ilian tlu'y arc high. 
Picture galleries are commonly lighted by Jia^ans of overhead skylights, 
but unless the light is controll(*d by im^ans of louvers th(T(* is usually 
too much light directed downward as compan'd with that directed upon 
the lower walls wlu^re the pictures are hung. l^\irth(*rmore, if the sky- 
light is of larg(* area and not very high, its image is reflected by the 
pictures. This downward component has been reduced in some cases 
by means of a velum, consisting of a large horizontal sli(Hd> of some 
satisfactory media, cither opaque, highly absorbing, or slightly trans- 
lucent. This is hung or supported a few feet below the skylight. 
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Inasmuch as it possesses an area less than that of the floor, the day- 
light passes by its edges and falls obliquely upon the paintings. Tljis 
device is a makeshift and is usually unsightly. It is possible U) in- 
corporate the principle into the architectural design with pleasing 
results. 

In designing the lighting for any gallery, the law of reflection of 
light should be applied by means of diagrams. Analyses of this char- 
acter will yield valuable results as to the expanse of skylight permis- 
sible, the location of artificial lighting units, the desirable height of room 
as compared with the dimensions of the floor, the desirable locations 
of windows, etc. Thus, in picture galleries it appears satisfactory in 
most cases to consider a height of 10 feet above the floor as being the 
limit of the wall spa(!e on whic^h pic^tures arc to be hung. The eyes of 
an adult may be taken as 5 feet above the floor. Therefore, a line 
drawn from the eyes to a point on the wall 10 h^et high, and then re- 
flected at the same angle, will meet the ceiling at a certain point. Light 
from the latter i)oiiit would be reflected from the top of a picture 10 
feet high into the eyes of the observer at the original position. By 
siK^h a series of <liagrams a compk^te analysis may be made which will 
be of great fundamental value in designing the galleries and their 
lighting. 

The wall coverings should b(' a fairly neutral tint in order to avoid the 
effects of simultaneous contrasts of colors. They should be dull in 
order to (diminate the annoyance of glare due to s])ccular reflection. 
They should be of about middle value, that is, medium gray, and the 
floor should also b(' fairly dark. 

The artificial lighting of picture galleries should be based upon the 
same fundamental principles as the natural lighting and fortunately 
it is not so difficult to control as is daylight. The artificial light should 
be of a spectral (diaracter whi(*h simulates that of daylight as closely 
as practi(^able. It may be din^cted from lighting units hung at the 
pi’oper lo(!ation as def-(*rmined by the linear diagrams of incidence and 
reflection, and by the distribution curves of the units. It should be 
directed predominantly upon the hanging space. In tlu; larger gal- 
leries the old system of troTigh lighting or continuous reflector is now 
primitive, unscientific and unsatisfactory. Such units may be hung 
from the ceiling or concealed behind architectural details. Artificial 
light may be projected through the sub-skylights upon the hanging 
spacje or thremgh artificial dcTestory windows higdi in the walls. Cer- 
tainly, at this stage of the development of lighting, the defects of day- 
lighting should not be perpetuated. For example, the flooding of 
diffusing sub-skylights by means of artificial light, though easy to do, 
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should be avoided when there are better ways of lighting paintings. 
Ijj, directing light upon the walls, care must be exercised in order 
that^'^the light does not fall too vertically. Under such a condition, 
the frames and even the paint on some paintings cast undesirable 
shadows. 

In the lighting of sculpture galleries the modeling of form by means 
of light is encountered. A very great expanse of overhead skylight 
produces a flat api)earance. Sculpture recpiires a dominant light 
source. Several windows arc usually unsatisfa(*tory because of the 
multiplicity of shadows which result. An overhead skylight of moder- 
ate size provides a practicalde solution of the lighting problem in 
sculpture gallerhis in whi(^h many objects are exhibited. It is the 
solid angle subtended at the object, rather than the at^tual area of the 
light source, which is important. TIk' direction of light under these 
conditions cannot b(' idterc'd for each obj(H*t, but the object itself may 
be oriented and located with respe(;t to tlu^ dojninant light so as to be 
suitable in appearance. 

Iini)ortant lucces of sculpture may be placcfl in individual alcoves. 
If the latt(»r arc arranged in a series, (\‘U‘h may be predominantly lighted 
by means of a high window op])osit(‘. d'he obs(‘rver, in viewing the 
object, has the window at his back and high above him. The artificial 
lighting may also be accomplished l)y means of individual units. In 
any (%‘ise, in iho lighting of sc^ulptun* galknles, it is important that there 
be a very dominant comjwnent of light. 

In large museums there are opportunities for constructing large 
interior rooms. TJiis makes it possible to coristru(*t small rooms on the 
outskirts and thereby to utilize the windows where they are least 
objectionable. It has bt'cn ])roposed that these' large interior galleries 
be lighted soldy by artificial light. A (*ontinuous ak^ove could be 
erected around tlu' entire room. The lighting could then be done 
efficiently by means of show-window lighting units concealed above 
the opening. The room [)rop(‘r could b(‘ high and of hug(' dimensions, 
and could be ilhiniinat(^d by chandeliers. The alcove could be sepa- 
rated, if desired, by balust rades. 

Large armor courts, natural history exhibits and the like are best 
lighted by means of an overlu'ad skylight. In th(^ (;ase of high rooms, 
this method is satisfactory for lighting tapestries on walls. By placing 
a sufficient number of lighting units above the skylight, and at a suffi- 
cient height above it, the spotted apf)eara,nce of the skylight at night 
can be reduced. The lighting of the exliibits is more important than 
the appearance of the skyiiglit. The best glass for the latter depends 
upon conditions, but .in any case it should transmit light efficiently. 
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Those types of crystal glass which exhibit spread reflection are best. 
Examples of these are acid-etched, sandblasted, pebbled and wa^^ 
glasses. From the viewpoint of maintenance the last two are li^stter 
because their surfaces are easily freed from dirt by washing. 

Special units must be devised for special purposes. In an Egyptian 
room, for example, modern light sources may be adai)ted to fixtures 
of the proper period. C^handeliers and other visible fixtures possess 
possibilities if science and art arc correlated in their designs. 

Garden courts arc a feature of modern museums. Single skylights 
are best for this purpose, because solar radiation must be admitted in 
sufficient quantities for the jilant life to thrive. When artificial light* 
ing is considered it appears logical to think of tlic appearance of a 
garden at niglit. Ornanu'ntai lamp-posts tit w('ll into such a scheme. 

llooms ill whicli display cases arc located jireseiit diffiimlties in 
lighting, owing to the ndlections from the glass surfaces. If all the 
cases arc high, so that the observer* views thcau from the side instead 
of the toj), ov(^rhea(l skylight and artificial lighting units are satis- 
factory. Even windows in the side walls are not undesirable. How- 
ever, if the cas(5s are low and the cont(‘nt-s a,r(‘ vic^wcul through the top 
glass, it is difficult to light them so that the ()])server is not annoyed 
by the images of a light sources reflected from the top glass. A room 
containing low ca,s(%s of this (‘harac-l(‘r is best lighted by means of win- 
dows on one side*. Idie observ(*r is then able to find a f)osition free 
from annoying n^fiections. 'FIk* artificial lighting is fraught with diffi- 
culties. It is ])erhai)s best done liy means of show-case units inside 
the (^ascs and indirect lighting of a moderat(i intensity obtained from 
units with ojiacpu* liowls hung from tJie ceiling. By the use of the 
show-('.asc unites the obj(‘cts in tlu* cases may be illuminated to such 
an intensity that the image of the ('(filing reflected from the glass (;over 
is not perceptibly annoying. An (fiaborate use of simj)le diagrams is 
essential in any case if satisfactory results are t(^ be obtained. Such 
disjfiays are jxiihaps the most unsatisfactory of exhibits in modern 
museums. It would help considerably if museum authorities would 
eliminate the low case wherever possible and would plan exliibits for the 
use of high cases so that objects (^ould Ix' viewed through vertical 
glasses. 

The fading due to daylight has been touched u])on elsewhere. Objects 
of delicate and fugitive colors can be liglited with great(ir safety solely 
by means of artificial light of an approximat() daylight quality. The 
radiant energy which is responsible for fading is present in less amounts 
per unit of visible energy in tlie total radiati6n from tungsten daylight 
lamps than in natural daylight. In illuminating these objects of delicate 
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and fugitive colors, artificial light of just the desired intensity can be 
u^ed. In extreme cases artificial light has the advantage that it may 
be skiut off when no visitors are present. 

Churches 

The ancient heathen and Jewish temples were illuminated by day- 
light entering doorways and courts. The temple was not a place of 
worship in the modern sense but an abode of the god, where ceremonial 
rites were performed by the priest. The early ecudcsiastical structures 
of Christian worship were not copi(‘d from the heathen or Jewish temples 
but evolved from a combination of a hall of justice and a market place. 
In these cJiurches there was no emblem such as the cross, but the struc- 
tures themselves were built in the form of a ctoss. The arms of the 
structure, forming a cross in plan, were (tailed transepts. These arms 
intersected the longitudinal axis of the structure between the nave and 
the apse or choir. Ovei* tlie intersetdion a central tower or spire was 
commonly erected. If there were no transepts, the nave would extend 
from the choir to the i)rincipal (uitranccs. 

Since the evolution of those early churches, (Tetnls have multiplied 
in number and the structun^s have been influen(*ed by the civilization 
of various nations. The result is that modern (Jnirc'hcs differ widely 
in style. 

The lighting fixtur(\s of a church must conform to the architectural 
style. Lighting effects must not only b(i (H‘clesiastical t)ut must also 
be expressive of the general characteristics of th(^ particular creed for 
which they arc designed. 

In attacking the problem of lighting a church, it is well to be familiar 
with the historical developiiumt of the aiyle of architecture and with 
the creed, in order that the final lighting effects may not only harmonize 
with the spirit of the interior but actual 1^^ enhance it. The lighting 
should be dignified, imprc'ssive and without annoyance to vision. 

The intensity of illumination is of extreme importance and it should 
not ordinarily be as great as would be desired in other auditoriums. 
It is necessary that the congregation be able to read with comfort, but 
it should be noted that a dim light is c-onducive to a sj)irit of prayer and 
meditation. Dimmers or a number of circaiits and switches should be 
available, in order to adjust the light to conform to the requirements of 
various parts of the ceremony. The spirit of a (certain modern creed, 
for example, appears to demand more intense illumination and general 
lighting. Other creeds which are more severe require lower intensities 
of illumination and harsfier effects. The dominant notes of the par- 
ticular creeds should be sought out and expressed by means of light. 
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Even the charm and expressiveness of tinted light may be as effectively 
utilized as the expressiveness of distribution of light. Congruity shoul^ 
be the aim in relating lighting, architecture and (Teed. ^ 

In the study of church lighting the ceremonial uses of light should 
not be overlooked. 

Many churches have ceilings of low reflection-factor and it is obvious 
that direct lighting units must be utilized in tlmse cases. However, 
this does not mean that the light sources cannot be wc^ll screened from 
the eyes. Deep lanterns, large enclosed units with a dominant direct 
component, and jn'ismatic enclosing glassware haul themselves to the 
solution of these lighting problems. 

Architectural ornaments, donu's, arches, etc.., which are the parts 
of an ar(dutec,tural whole, can be individually lighted in a manner that 
causes the chief lines and parts to be modeled as the architect desires. 
Concealed lighting accomplishes this end very well. Lamps may be 
concealed al)Ove a capital, behind moldings and large cornices. Indirect 
lighting units tnay b(' suspended h(Te and there. Some may illuminate 
the (ihief ])ortion of the ceiling; others may light an an^hway or ah'ove. 
All th(\se possibiliti(\s an* available for the production of certain light- 
and-shad(^ effects which harmonize with the architecture. 

It may be saf(*ly stated that in those churches which do not have dark 
ceilings indirect and ccmcealed lighting systems an* in the ascendency. 
The reason is very i)lain, for tlu^sc* methods liave th(* great(\st possibili- 
ties of harmonizing lighting with architectural details. 

If the chanc(*l is to lx* lighted by means of windows, the latter should 
be very high and local (*d at the sides if possi])lc. Preferably they should 
be of rather d(‘(^ply stainc'd glass. It is easy to coiujcal light sources 
behind various projections near the front of the cliancel and thereby 
obtain lighting for tliis ])ortion of the church. Liglit sources can be 
concealed behind flowe'r boxc's and devices of this character constructed 
sjiecially for the pur]X)se of containing lighting ecpiipment. In some 
cases the speaker has actually be(*n spotlight(*d. The altar is very 
prominent in some churches and in these cases burning candles are used 
symbolically. In some instance's miniature electric incandescent lamps 
surmounting imitation c.andl(*s replace the wax (*andle. The high- 
voltage lamp with c.andelabrum base can be used for this purpose to 
some extent, but a transformer and miniature lamps of low voltage 
may be a better solution. 

Much of the charm and effectiveness of fine churches may be attrib- 
uted to the stained-glass windows which soften the glare of daylight. 
Beautiful church windows lose much of their charm at niglit. In a few 
instances they have been illuminated at night by means of light units 
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hung from the exterior of the church. This can scarcely be the best 
folution, for such windows require bright backgrounds which compara- 
tivCiy small lighting units do not supply. 

There arc special points of interest in churches which, if they are 
illuminated to a greater intensity than their environments, will be more 
conspicuous and perhaps will appear more significant and effective. 
Local lighting is apparently the best solution. 

The organ keyboards should receive sj)ecial lighting and this can be 
accomplished by means of simple metal shades. The switch should be 
convenient for the organist to reach. There are other similar lighting 
problems pertaining to the choir. 

Modern churches have bulletin boards and most of these should be 
illuminated by artificial light. This is simply done by means of metal 
reflectors containing ordinary light sources. 

COLLATERAL READING 
Lighting of Public Buildings 

Trudell, V., La Luiiii^ro Electriqiie au Theatre (11. Diinod Ac K. Piiiat, Paris, 1914). 
Marks, L. B., The Ligliting of Public and Semi-Public Buildings, The Brickbuilder 
(Sept., 1913 to Feb., 1914). 

Rayneh, E. H.; Walsh, Cl. W. T., and Buckley, II., The Lighting of Public Build- 
ings, 111. Eng., 16 , 108 (1922). 

Hyde, E. P., The Lighting of the C'lcveland Museum of Art, Trans. I. p]. S., 11, 1014 
(1916). 

The Lighting of Picture Galleries and Art Studios — A Symposium, 111. Eng., 7 , 
147 (1914). 

Kirby, G. T., and Champeau, L. X., New Developments in Art Gallery Illumination, 
Trans. 1. E. S., 18 , 515 (1923). 

Mills, F. S., Liglitingfor Moti<m Picture Studios, Trans. I. E. S., 18, 143 (1923). 
Little, T. J., Jr., Semi-Public Lighting (by Gas), Prot;. Intern. Gas Congress, 288 
(1915). 

(Caldwell, P\ C., Good LigJiting in the Schools, Trans. 1. E. S., 16 , 321 (1920). 
Dates, H. B., Practical Applications of the Principles of School Lighting, Trans. 

1. E. S., 17 , 042 (1922). 

Code of Lighting School Buildings, Trans. 1. E. S., 13 , 185 (1918); 18 , 577 (1923). 
Hadley, G. T., Illumination of a Ma.sonic Hall, Elec. Rev. & West. Elec., 60, 1167 
(1912). 

An Improved Method for the Illumination of Motion Picture Theatres, Trans. 

I. E. S., 16 , 645 (1920). 

McOmber, L. W., Analysis of Moving Picture Theater Lighting, p]lec. World, 68, 
122 (1916). 

Jones, B., The Possibilities of Stage Lighting, Trans. I. P). S., 11 , 547 (1916). 
Grunsky, C., The Lighting of a Museum, J. Elec;., 40 , 228 (1918). 

Wilson. W., The Electric Lighting of Ecclesiastical Buildings, J. Inst. Elec. Eng. 
(London), 66, 193 (1918). 

Lighting a Church of the Basilica Type, Pllec. Rev. & West. Elec., 69 , 583 (1916). 
Report of Lighting of Large Buildings Division, Proc. N. E. L. A., 380 (1922). 
Lighting of Public Buildings, 111. Eng., 16 , 135 (1922). 



CHAPTER X 


COMMERCIAL LIGHTING 

|Waki> Hakkihon) 

Offices and Drafting Rooms 

Nature of Problem. — To-day there is no reason for other than the 
best illumination in new office buildings and in th(i older offices, al- 
though ill tlie latter case the result is attained at a greater expense, 
for, in the majority of cases, some change in the lo(;ation of outlets will 
be necessary. In general, however, the rec[uired alterations in wiring 
will be found profitable even where (considerable expense is involved, 
for there are no locatiom where the consequences of poor lighting are more 
serious or more hmily felt than in offiCMs and drafting rooms. 

From the standpoint of utility, the problem of officMc lighting can be 
very simply stated. Fundamentally it is to provide the best illumina- 
tion for sustaimed vision of flat surfaces in the horizontal or slightly 
oblique planes in which pape^rs, books, photographs, etc., arc usually 
examined. The i)crccption of obje(;ts in their three dimensions, so 
important in thu industries and in the arts, is here relatively unimpor- 
tant. On the other hand, exj)crience has shown that in officjes and 
drafting rooms, i)crhaps more than in any other locations, an ample 
intensity of soft weffi-diffused light must be provided in order that 
discomfort may be avoided and that the eyes may not become exces- 
sively fatigued by close ajiplication for long ])criods of time. There 
should be no extreme contrasi in the brightness of objects within the 
field of view; shadows should be subdued, if not entirely avoided; 
the lighting system should be d(\signcd to permit flexibility in the ar- 
rangement of office furniture; it should be easy of maintenance and 
satisfac^tory in ap))caran(;e. 

In designing a system of office lighting, it should be remembered 
that standards of illumination intensity are rapidly and continuously 
rising, as tenants and building managers come more end more to ap- 
preciate the valiK^ of good illumination. Furthermore, allowance 
should be made for Ihe fact that, even in a small group of persons, one 
or more with defective ey(\sight will usually be found, and the lower 
limits of permissil)le intensity should not be approached so closely that 
unnecessary hardship is imposed on anyone. * Again, it should be re- 
membered that ^ even where individual lamps are supplied for the illu- 
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mination of the desks, a general illumination over the entire room of 
p,t least 1 foot-candle should be provided. 


TABLE XLVll 

Maximum Ratios or Spacing to Height of I^igiit Source for Satisfactory 
Office Illumination 


System 

Limits for One 
Row of UnitH 

A 

II 

Limit 8 for More Than One Row 
of Units 

R 

H 

C 

u 

Indirect* 

1 .3 

1.5 

0.6 

Dense 8emi-indireet* 

1 .2 

1 5 

0.6 

Direct Semi-enclosing 

1 1 

1 4 

0 5 

Direct Dense Opal 

1 1 

1 .4 

0.5 


* With in(lirft(;t or scmi-inclirect the eeilins is eonsidcrcd the li^ht sounic. 


In some buildings where careful attention has been given to the 
design of the lighting of offi(;es and hallways, an annoying drop in 
intensity is frecjuently apparent when one steps into an elevator. The 
adaptation of the eye is not instantaneous, and a j^erson going from 
one intensity to another naturally moves slowly and with caution. In 
large modern officrcs, the time of a very large number of persons is 
dependent to a considerable (extent on th(‘ (devator service, and ample 
intensity of lighting of the cars should be a first consideration. 

Effect of Color on Quantity. The experience is not uncommon to 
those who occupy offices for which daylight furnish(is illumination the 
greater part of the time, that, as the* natural light- biggins to fail and 
the lamps are switched on, the artifudal illumination is seemingly 
inadequate — although at night the light is entirely satisfactory. This 
is due in part to the fact that the eyi^ is, at this time of day, suffering 
from a certain degree of natural fatigue, and in part to the disinclina- 
tion of the eye to adapt itself to light of a lower intensity. Again, 
toward evening the horizon as seen through the windows is frequently 
even brighter than at midday and this, by contrast, makes the interior 
illumination seem even mor(' inadcxpiate. The difference in the color 
of artificial light and daylight also apyiears to be partially responsible 
for the same impression, and a combination of the two is displeasing 
to many. In such cases, daylight lamps, which give illumination like 
sunlight in color, are desirable. 

Contrasts. — Extreme 'contrasts, such as those existing between the 
brilliant filament of, a lamp in an open reflector and the general level 
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of brightness of a room, may produce marked discomfort. This is 
especially true in ofSce lighting, where the position of a light sourc#^ 
with respect to the eye must remain pra(;tically without changes for 
considerable periods of time. Furthermore, nine out of ten semi- 
indirect glass bowls now on the market are of too light density and are 
therefore unsatisfactory. Hcavy-deiisity semi-indirect and totally in- 
direct units not only overcoriK' this o})je(!tioii, but at the same time 
minimize the specular reflection, or sheen, from books, paper, photo- 
graphs, desk-tops, etc. In many cases desks an^ thoughtlessly given a 
high polish — not infn^quently they arc topped with i)late glass — and 
in such (^ases the i-eflcction of a source may approach in brilliancy 
that of tlie source itself. It is difficailt to avoid reflections entirely, 
but the harmful effects (^an be minimized by cm] Joying only those units 
which are of low brilliancy, and by arranging them t;arefully with 
respect to the position of the desks, or vice versa. It is often possible, 
in the case of small offices where single desks are used, to arrange the 
desks along the wall so that those occu|)ying the office have the light 
sources over their shoulders. In this way reflections from desk-tops 
arc prevented and the walls, unless highly finished or hung with pic- 
tures framed behind glass, will not give rise to objectionable reflections. 
Side walls of considerable area should not be finished in a tint so near 
to white that they will reflect a large volume of light into the eye, nor 
should they be so dark as to cause undue contrast and needless absorp- 
tion of light. 

Shadow. — Although shadows are very hel])ful in determining the 
sha]:)e and relative propentions of objects, they are not strictly neces- 
sary for the usual offic*e where the* work is largely wn’th horizontal 
planes. In fact, an excess of shadow is likely to prove a decided nui- 
sance; only enough to show the natural iippearance of objects and 
persons is necessary. Dense shadows, such as those cast by a single 
unit of high intc*nsity and relatively small size, or shadows with a series 
of sharp edgc\s, such as those c^asi by several small units, are par- 
tic^ularly annoying. To be satisfactory from a shadow standpoint, 
light sourc(\s should be of large area and low brilliancy, in order that 
such shadows as do form will be luminous and with gradually fading 
edges. 

It is of partic'-ular importance in the case of drafting rooms that the 
light be highly diffused in order that shadows and reflected glare may 
be avoided. It will often be found more satisfactory from a lighting 
standpoint, and just as satisfactory from other standpoints, to work 
upon the dull side of tracing cloth rather than upon the shiny side. 

From the data presented in the preceding paragraphs, and a careful 
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review of Table XXXIV, page 277, the following conclusions may be 
derived : 

1 % Open-reflector units arc not suitable for large general offices from 
the standpoints of brightness, specular reflection or shadow. A single 
direct-lighting unit, if of large area and low brilliancy, would be satis- 
factory for one person alone in an oflicrc when so located as to bring the 
light over the left shoulder. It sliould be designed to illuminate the 
surroundings to a fair intensify. 

2. Scnii-cnclosing units are preferable to o|)en-reflector units for 
office and drafting-room lighting. It is important that they be of large 
size and that the density of the glass bowl Ix' su(‘h that they are satis- 
factory from a brightness standpoint, ('are must be used to place them 
so that specular reflciction towaid the eyes will be avoided as far as 
practicable. Semi-enclosing units are usually the best solution of the 
problem where it is a(;tually impossible to obtain a light ceiling. 

3. Semi-indirect units which have a high brightness due to the use 
of light-density glass bowls of small diameter produce somewhat the 
same general effect as direct lighting units. Where the ceiling does 
not present a reasonabl}^ good reflecting surfacx^ and wlu^re it (;annot be 
made into a good n'flector, fiemi-enclosing units arc, however, more 
efficient than such snui-indircct units and are ecpially good in most 
other respects. Where a ceiling of reasonably good reflecting power is 
obtainable, units of lower brightness are to be preferred. In otlier 
words, the legitimate fiedd for the ordinary light-density semi-indirect 
unit as applied in office lighting is extremely limited. 

4. Semi-indirect units of dense glass or lighter ])owls of large area 
and totally indinx't units an' excellent for office* lighting where a ceiling 
of good reflecting ])owcr is obtainable. Brightness contrasts can be 
made entirely satisfaedory, specular reflection is reduced to a minimum 
and objectionahh* shadows are avoided. A lighting system of such 
units permits maximum flexi])ility in the* arraiigemeait of furniture in 
a general office and is usually the* most })ra(dh*al system for a private 
office as well. 

Obviously, it is important, that whether indinnd., semi-direct or 
semi-enclosing units iirv. si'lected, there should be no unnecessary waste 
of light due to ini])ropcr design. Wh(ith(jr the reflector is of mirrored- 
glass, opal, pon*elain or otlua* material, it should be designed to permit 
easy cleaning and should be hard and smooth in order that it may 
serve as a good rcdlector and be slow to accumulate dirt; the contour 
should be such that light will not be ix)cketcd and lost. 

Location and Number of Lighting Units. — In any case, but particu- 
larly in the case of .offices built for renting purposes, careful considera- 
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tion should be given to locating the units in such a way that if partitions 
are later removed or new ones built in to suit the requirements of % 
tenant, the outlets already installed will still be usable. This factor 
alone is frequently of sufficient importance to justify the use of a greater 
number of outle^ts than are nc(;essary to suit the existing lighting re- 
quirements. Special structural features, such as tlie location of ceiling 
beams and the placement of doors and windows, should re(‘,eive atten- 
tion. The sketches of Fig. 119. illustrate how the use of G units, 

in a room where 4 would satisfy conditions of uniformity, permits 

the change from a general office to a ))rivat(' one, where, owing to the 

location of the windows, a changes to two offices of eciual size would be 



lie. 119. Location of Oullcis Should Providi* for laissihlo C hanges in 
Ofhcc Anangcinont. 


practically out of the (pieslion. l^he cost of installing, say, 6 units, 
need not necc'ssarily fie much greater than that for 4, for the cost of 
glassware increases, not in jiro portion to its diameter, fnit at a much 
faster rate, and the dilhaencc^ in its first cost may ho, sufticaent to offset 
the greatc'r cost of wiring. It is an advantage, too, if the number of 
different sizes of units and lamps employed in an office building can be 
kept small in order to facilitate rejilacement from stock. Sometimes 
it is advisable to wirt' for local ions where it is thought units may at some 
future time fie desirafik^, but to seal the wir(\s beneatli the plaster until 
required. 

Wliere totally indirect or dense semi-indirect units arc used, and the 
greater part of the illumination comes from a large area on the ceiling, 
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the question of direct glare is automatically cared for. On the other 


Jiand, because of the large ceiling 
such units, it is difficult to avoid f 



Fig. 120. Arrangement of Desks to 
Avoid Specular Reflection. 


area which is brightly lighted with 
certain degree of specular reffection 
in polished surfaces. Reflected glare 
from direct lighting etjuipment can 
sometimes be avoided, as previously 
stated, by arranging the desks along 
a wall so that specularly reflected 
rays will travel away from the eye, 
rather than toward it, as shown in 
Fig. 120. 

From a study of the light dis- 
tribution of units with special ref- 
erence to office lighting, it has been 
possible to establish fairly definite 
rules for determining the number of 
rows of units required, the spacing 
distance bci.ween units, and the dis- 
tance from the walls to the nearest 
rows of units, to insure a satisfac- 


tory illumination as regards both quantity and direction in all parts 
of the room. The data given in Table XLVII, sec also Fig. 121, have 
been applied very satisfactorily in practice. 



With indirect or semi-indirect the ceilinj; is considered the li^ht source. 

Fig. 121. Diagraninialic Sketch for Spacing and I heights of Office Units. 


Libraries. — The problem of lighting the reading room in a library is 
not dissimilar to that of lighting a large general office, and if an overhead 
lighting system is desired the same rules aiiplv; however, in many cases 
a preference is expr(\ssed for individual tables and a very low degree of 
general illumination in order to promote an atmosiihere of quiet. In- 
dividual lamps, however, must be chosen with extreme care so that 
glare may be avoided, and must be placed to one side of the reader and 
not more than one foot in from the edge of the table if there is to be an 
absence of specular reflection from the books. Where individual tables 
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are used these principles can be carried out, but a satisfactory system 
of local lights for large reading tables accommodating four or morg 
persons can scarcely be provided. 

Store Lighting 

Classification. — For consideration of their lighting requirements, 
stores may be divided into four classes: 

1. Department stores and the large specialty stores of principal 
cities; 

2. Medium-sized stores, including the large stores of smaller cities; 

3. Small, select stores and shops; 

4. Small stores of the usual type. 

In the stores of the first-named class, the lighting reejuirements are 
very similar, although the location of stores, their size and the individual 
prefercnc^es of their owners will, of course, cause considc^rable variation 
in the design of lighting installations. Such stores are usually imposing 
establishments and the lighting equipment should assist in furthering 
the impression created by tlie store as a wliolc. On the main floor, 
especially, a high intensity of light and a pleasing appearance of equip- 
ment are nec‘-essary. 

For stores of medium size, in which class it will be noted are included 
the large stores of the smaller cities, the system provided should possess 
distinctive and dec^orative fc^atures, but these should be obtained with 
due regard to the efficient utilization of the light. 

In the selecit small store or shop, great fre^edom is usually permissible 
in the selection c^f a lighting system; good ai)pcarance and a pleasing 
effect are the important considerations. 

For the usual small store, elaborate lighting is not rccpiircd; rather, 
the system should supply ])lenty cjf light efficiently. 

Department and Large Specialty Stores. — For the main floor of a 
department or large s])ocaally store, a system of enclosing units or of 
some form of semi-indirecd; or totally indirect units is preferable to a 
system employing open reflectors. With the exception of certain 
prismatic* types and flattened globes, totally enclosing units do not 
provide a high degree of light control, and in ordcT to avoid undue glare 
the units should be c^f large area and highly diffusive. A portion of the 
light from these units is transmitted directly to the objects beneath and 
another portion reaches them by reflection from the ceiling. A certain 
percentage of the light flux is emitted at angles near the horizontal and 
never reaches the counters. Light emitted hear the horizontal does, 
however, serve a very useful purpose in that it illuminates vertical or 
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inclined surfaces, such as shelves, racks, etc., which if lighted only from 
jjircctly above would be inadequately illuminated. Enclosing units are 
obtainable in a wide variety of shapes and sizes, ranging from very 
inexpensive to very costly and exclusive designs, which features have 
led to their common use in all (^lasses of stores. 

Indirect Units. - For (‘omfortabki vision, indirect and semi-indirect 
units are more desirable for the main floors of department stores than 
are enclosing units. With strictly indirect systems, where the ceiling 
acts as the light source and there is a pronounced downward direction 
to the light, the uniformity and diffusion of the illumination are excel- 
lent, glare from the light sour(*e is absent, and reflections from plate 
glass and polished fixture's are avoided; however, shadows, which if of 
proper density are a great aid in judging the shaj)e and proportions of an 
object, may l)e too greatly reduced. The direetion of the light, more- 
over, tends to make vertical surfaces appear poorly lighted. Since the 
illumination of the room is entirely d(*i)endent upon reflected light from 
the ceiling, the (ifficicTicy of the system will be high(\st if the ceiling is 
finished in white. However, with the prc'sent low cost of light, a tinted 
ceiling is justified wlu^re it is essential to the decorative^ scheme of the 
room or where lighting of a c('rtain color tone is desired. 

The luminous-bowl typ(^ of indirect unit produces the same general 
character of illumination as that j)roduced by strictly indirect units; 
but the auxiliary l)owl, being luminous, givc's a direct component whicdi 
assists slightly in illuminating v('rti(‘al surface's. 

Semi-indirect Units. — Semi-indirect units of dens(' or toned glass give 
an effect very similar to that given by luminous-bowl indirect units, but 
they transmit a liiglair percemtage of tlu' light, a-ntl ar(‘, under usual 
conditions, slightly more efficic'ut. With jjowls of light- density, the 
results approach more nearly those obtained fjom opal-glass ('nclosing 
units; contrary to what might be exj)ected, however, the semi-indireet 
system is often more efficient, owing to tlu? fact that less light is ab- 
sorbed by th(; bowl, less light is emitted in angles near tJic horizontal, 
and more light, is dirc'cted to and diffused from th(i cciiling at effective 
angles. 

It is possible to obtain eitlier indirect or semi-indirect bowls in exclu- 
sive designs harmonizing with the decorations and conforming to the 
tastes of the user. Regardless of the design of the exterior, liowever, 
it is of the utmost im[K)rtance that the interior be a hard, smooth, re- 
flecting surface in order that good efficiency may be rnaint ained. In an 
installation which runs into any considerable expenditure, it is well 
worth while to secure the'opinion of a comp(itent architect or decorator 
before detennining upon a definite exterior design. Frequent cleaning 
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and good maintenance are very essential for these types of lighting 
equipment. 

Upper Floor Requirements. — Lighting units of the general Jbype 
mentioned are suitable for the upper floors of large stores; often a smaller 
size of the same design may be chosen. In some cases, a well-designed 
direct lighting system may meet the requirements satisfacitorily. With 
open reflectors, bowl-enarnelcd lamps should always be installed and 
the units should be suspended at su(;h a height that they will be, as 
nearly as possible, outside the ordinary range of vision. Tungsten 
lamps larger than 200 watts should not be used in open reflectors. 
Semi-enclosing units are available, however, which operate on much the 
same principle as an open reflector but which are provided with a diffus- 
ing glass bowl b(dow the reflector which screens the lamp from view. 
With such units, any size of lamp may be used. Their efficiency com- 
pares favorably with that of the prismatic type of enclosing unit. 

On all floors, the fixtures should be located symmetrically with respect 
to the divisions or bays usually formed in the ceiling by the structural 
features of the building, unle^ss it is desired to arrange the lighting to 
enhance some architec'tural effect in liglit and shade, or color, in accord- 
ance with a skillful designer’s w^ell-considcred j)lan. 

Stores of Medium Size. — The lighting rQ(|uircments of stores of 
medium size are the same as those cited for large stores, except that a 
location amid less impressive surroundings may decrease the need for 
purely decjorative features. In this class of store, a semi-indirect 
system employing some form of inexpensive mcMlium-density bowl will 
oft(m fully meet Ihe n'quirements of a distinctive and economical 
installation. A WTll-designed dire(‘t-lighting system, such as might 
be used on the ujiper floors of a large stoni, is very frequently deemed 
entirely satisfactory — es])ecially where a semi-enclosing unit is used. 

Exclusive Stores. — lOxclusive small stores or shops, found princi- 
pally in the larger cities, lend themselves to an artistic treatment which 
is impossible* in large stores. In many cases, tlie use of colored lamps 
to provide lighting of a distinctive tone is highly desirable, while uni- 
formity of illumination is to be avoided rather than sought. The 
fixtures may well be of spi'cial design, but care should be taken to avoid 
the very common error of allowing too brilliant light sources within the 
range of vision. Modifi(^ations of semi-indirect, indirect and enclosing 
fixtures arc used almost entirc'ly. 

Small Stores in General. - Effuaency is the first rec^uirement of a 
lighting system for the usual small store. A high intensity is necessary 
for the convenience of customers and for adv^rtising purposes, but the 
fixtures may be of very simple design. Consequently, direct lighting 
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with open reflectors, or with a good type of semi-enclosing unit, is, as 
g. rule, most applicable, although often the installation of an inexpensive 
semj-indirect or enclosing unit is preferable. 

Semi-enclosing units possess an advantage over open reflectors in that 
they diffuse the light from the filament over a comparatively large 
area; hence, they may be used with a lamp of any size and in locations 
where open reflectors would cause annoying glare. They possess an 
advantage over opal enclosing units in that they distribute light in 
much the same manner as a dense-opal open refle(;tor and are, therefore, 
less dependent for their effieienc^y upon the finish of the walls and ceiling. 

A common mistake in the lighting of small stores is the installation of 
a single row of direct lighting reflectors along the center of the store, 
where at least two rows of smaller units should be used to prevent the 
customer’s shadow from interfering with the examination of the wares, 
and to illuminate the shelving or high cases along the side walls. A 
single row of semi-indirect or enclosing units is, however, usually satis- 
factory. An exception to the use of bowl-enameled lamps with open 
reflectors may be made in the case of small jewelry stores, where brilliant 
reflections in gems and cut glass may be desirable; the units should, 
however, be placed well above the usual line of vision, to avoid glare. 

Illumination Intensities. — A lighting installation serves a double 
purpose: first, it permits the merchandise to be examined with com- 
fort; sec^ond, it advertises the store. Light is re(;ognized as one of the 
least expensive and most effecd/ivc of advertising media, and hence 
intensities higher than those absolutely nec^essary for comfortable 
vision are almost universally demanded. The three factors which 
govern the selection of an intensity for any particular (!ase arc: the 
nature of the mercdiandisc — for dark goods require a higluir intensity 
than light goods to appear equally well illuminated; the illumination 
standard of the immediate neighborhood; and, the amount which the 
owner feels it expedient to ap])ortion for the advertising value of a 
high intensity. The lower values of any table of intensiti(^s should, 
therefore, be used cautiously and full weight given to local conditions. 
However, values applying to average conditions arc useful as a basis 
upon which to estimate desirable intensities, and such values arc given 
in Table XXXVIII (Chapter V). 

The maximum ratios of the spacing distance, to the height of the unit 
above the working plane, which may be used with fair uniformity of 
illumination, arc given in Tables XXXVI and XXXVII. If greater 
spacing distances than those determined by these ratios seem desirable, 
it should be remembered that as the spacing is increased, the degree 
of uniformity decreases rapidly. The greater the permissible spacing 
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distance, the larger the lamps which may be used and the fewer the 
number required. The fewer the units of a given type, the less th^ 
installation and operating expense, but the greater the area a%cted 
by the failure of a lamp and the denser the shadows. 

Show-windows 

The primary object of a show-window is to attract attention, and 
the realization of this object depends upon lighting. It should be ob- 
vious that the show-window provides opportunities to utilize all the 
powers of light. Not only may the displays be flooded with light, but 
spectacular effects may be utilized for their attention value. The show- 
window in many respects may be likened to a stage. In fact, there is 
such a similarity that it may be stated that all the lighting effects of 
the stage may be utilized in the show-window. 

The intensity of illumination in the show-window must be greater 
than that in the street or in the store if it is to attract much attention. 
The minimum intensity which is satisfactory varies considerably with 
the location. It may be ten times as great in the downtown district 
along a ‘‘ white way as in the case of a store in the suburbs or in a 
village. The light sourc.es should l)c c.onccaled if the display is to be 
easily seen. It appears to Ixi the idea of many second-rate shop- 
keepers that a great many l)are lamps, plainly visible, provide good 
lighting. They may attract attention but they do not illuminate a 
display satisfactorily. 

The use of border lights along the top of the window is the most 
common device. The type of reflector is (k^termiiuHl by the depth 
from front to rear and the height of the show-window. By drawing 
an elevation to scrale the tyi)o of distribution curve may be determined, 
lleflectors for this purixxsci are chiefly of silvered and prismatic glass, 
and they are designed to give an asymmetrical distribution. The 
spread of the curve is determined by the vertical ta*oss-section of the 
window. Very high and shallow windows reciuire a more (extensive 
distribution. The watts })er running foot of window depend upon the 
intensity of light desired and vary from 20 to 300. The manufacturers 
of equipment of this character supply the necessary data from which 
computations and selctdions can be made. A prac'iicable scheme, 
which is useful for computing the lamp ^vattage per running front foot 
for gas-filled tungsten lamps, but which does not allow for color effects, 
is as follows: 

Classify the window, giving it a number *from 1 to 10, depending 
upon its importance, the goods displayed, the. location, the street 
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lighting intensity, etc. For example, a window in a country store will 
t>e classified as number 1. The windows in high-class stores in the 
shopping districts of cities would be given number 10. However, 
inasmuch as there is a tendency toward higher intensities of artificial 
light, the best windows of first-class department stores may even- 
tually be given a number greater than 10. Now add the distance in 
feet from the floor of the window to the point where the lamps are to 
be mounted to the distance in feet from the glass to the back of the 
window. Next multiply this sum by the classification number of the 
window. The result is the lamp wattage reciuircd per running front 
foot of window. This rule applies to the gas-filled lamp. If “ day- 
light ” lamps are used the wattage should be increased by 50 per cent. 
After obtaining the watts per front foot the total wattage is found by 
multiplying this value by the total frontage of the windows. This 
total wattage ma}^ then be distriljuted among a certain number of 
lighting units. Although tlie use of individual units consisting of high- 
efficiency lamps in silvered or ])rismatic glass reflectors is generally 
advisable, there are places for other equipment. Aluminized and 
enameled reflectors reflect light but they do not direct it as do the 
silvered and prismatic reflectors. However, these units may be used 
to advantage where diffusion rather than projection of light is desired. 
Trough refle(;tors, though not very effective as projectors of light, 
meet many special needs. Many of the necessary data pertaining to 
this eciuipmcnt can be obtaincxl from manufacturers. 

In some windows, footlights are used in addition to top lights. These 
can be ingeniously concciiled. They provide light from below and re- 
duce the shadows sometimes too apparent when only top lights are 
used. The next step is to add sidelights. Where the window runs 
around a (corner it is necessary to resort to stationary screens or some 
other device to concc^al the light sources from view. 

More than one circuit is installed in some of the modern show-windows 
in order to utilize the charm of colored light and to obtain a variety of 
lighting effects. At i)resent it is usually necevssary to use colored 
screens in framers supported by the reflectors. Devic;es of this char- 
acter arc on the market. 

The lighting units in a show-window arc concealed behind structural 
features designed for the purpose, or a valance is provided at the top 
of the window. The background of a show-window should have a dull 
finish in order not to act as a mirror and reflect images of the light 
sources into the (\ves of the observer. Glazed surfaces of wood, metal 
or glass are objectionable for this reason. If windows are necessary 
in the background in order to admit light into the store, draperies can 
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be drawn before them at night. Backgrounds of moderate reflection- 
factor are preferred to those of high or low value. » 

A high intensity of illumination is desirable not only for the pujpose 
of attracting attention but also to make it possible to discriminate 
colors, texture, etc. It is unsatisfactory to the observer not to be able 
to see the display sufficiently well to appraise the goods. Tests have 
indicated a greatly increased drawing power for windows where the 
illumination has been increased. One set of data showed a 33 per 
cent in(?rease in drawing power where the illumination was changed 
from 15 to 40 foot-candles and a 73 per cent increase by the use of 100 
foot-candles. At the same wattage, the use of (;olor(Kl light increased 
the drawing power about 40 [)er cent. The daylight lamp reveals the 
colors satisfactorily, but in some cases, by comparison with artificial 
light of yellowish tints, the windows lighted by means of the tungsten 
daylight lamp may appear cold.^' This may be remedied by using 
backgrounds and floor coverings of warmer tints than would ordinarily 
be used. 

Overhead skylights are used to some extent in deep, low windows 
and in “ island windows. Perhaps the best solution for the artificial 
lighting in these cases is to set pieces of etched or sandblasted crystal 
glass into recesses in the (veiling. A light source may be placed in a 
reflector or enclosure above each of these pieces of glass. If daylight 
is to be admitted from above, allowance must be made for this. 

If there were no considerations other tiian lighting, an ideal show- 
window would have several circuits completc'ly around the window. 
These would be controlled by dimmers and switclies so that any desired 
quality and dominant direction of light could be obtained. The bac^k- 
ground would be removable so that any sc.eni(‘ represemtation could be 
used. This scene woidd be ])rovided with lighting from (^oiu*ealed 
sources, and the cpiality of light would be under control. In brief, 
this includes the possibilities discaissed in conned ion with stage light- 
ing. The arrangement for (^hanging the scene is desirable bc^cause goods 
are often displayed out of season. For example, furs are shown in 
August when the need for them is remote. The ])Ower of suggestion 
might be utilized by means of a wintry scene in the background. 
Special lighting of this scene adds greatly to its effectiveness. By no 
means has the show-window reached its higliest state of development. 

Spotlights are very eflcctive in show-windows. They pick out a 
single article and emphasize it amid the semi-darlviiess. Flashers may 
be used to control sev(iral spotlights in a single window. If these are 
lighted in succession, the pointing fingers ’"'of light are very effective 
in directing attention. 
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Portable lamps and artistic lighting fixtures also have a field in the 
ghow-window. They aid in simulating interiors and can be used for 
conqgaling light sources which provide the primary lighting. 

The daylighting of show-windows is most generally accomplished by 
means of a vertical plate glass, but various refinements may be incor- 
porated. The opaque background of the show-window prevents light 
from entering the front part of the store. In order to overcome this 
objection, windows (usually decorative) are sometimes placed in the 
background. As already suggested, it is well in many cases to provide 
draperies for them at night in order to eliminate th(^ reflection of images 
of the light sources. Special prism glass is sometimes pla(;ed in the 
upper part of the window or above it, in order to direc^t light into the 
back of the window or into the store. Overhead skylights are some- 
times installed in the (veiling of the show-window. 

Curtains and awnings are used for protection against intense sun- 
light, and the awnings are also used to reduce the annoyance from 
images of the sky and buildings reflected from the vertical glass. These 
reflected images are extremely annoying; and while they cannot be 
avoided in the case of the vertical glass, be(;ause the images of the 
sidewalk, street and opposite buildings are always present, their effect 
can be minimized by the use of sufficiently high intensities of illumina- 
tion on the articles exhibited. In one case experiments showed that 
with a 100-foot-candle illumination, due to daylight, on the window 
surface, the additioii of from 200 to 300 foot-candles made the interior 
as distinctly visible as when the artificial lights were extinguished and 
the plate glass in the window removed. It required, however, the 
addition of about a 1000-foot-(*.andle illumination to make the window 
display attractive. This was ac(!omplished by the use of spotlights 
or floodlights of roughly 25,000 candlepower each. Where such inten- 
sities are employed, care must be taken to see that the additional heat 
does not injure the display. 

If the exterior objec^ts were non-reflecting, there would be no visible 
reffccted images. Certain schemes using a (nrved glass instead of a 
vertical plane glass have been tried but have not come into general use, 
possibly because the use of curved glass requires that its lower edge be 
placed back from the ordinary front line of the window and hence the 
goods displayed must be put farther back than usual and receive less 
natural light, as well as being farther from the observers. 
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INDUSTRIAL LIGHTING 

IH. H. MaodsickI 

Factory Lighting 

Factory lighting is an economic problem. In solving it one is con- 
cerned first of all with the provision of lighting conditions which will 
enable the eye to function most quickly and easily. Psychological 
fa(;tors in lighting are an im[X)rtant ekanent in the efficiency of factory 
operatives, but aesthetic considerations arc here of minor importance 
as compared with some other fields of illumination. The major re- 
quirements which must be met in the clioicc of lighting equipment and 
the design of the installation are a steatly light of sufficient intensity 
on all work surfaces, wla^ther in horizontal, vertical or obliqiui planes; 
a comparable intensity of light on adjacent areas and on the walls; 
light of a (olor and spectral character suited to the purpose for which 
it is employed; freedom from glare and from glaring refle(*tions; light 
so directed and diffused as to avoid objectionable shadows or contrasts 
of intensity; a system which is simple, reliable, easy of maintenance 
and reasonable in initial ajid ojK-raling cost. With these requirements 
met, there result, lessened eye fatigue and conservation of the vision of 
the employees; ))rotection from acchkmt.s; gn^ater production per 
operator; less spoilage and work of high(T (pialitN'; improved morale 
and lesser turnover of labor; easier supervision and greater order and 
neatness in the plant. 

The state is interested in the protection of (an]:)loye(5S against acci- 
dent and impairment of vision. The statistics of insurance companies 
dealing in accident liability show that in approximately 15 per cent of all 
industrial accidents insufficient or incorrectly applied illumination is 
either the primary or a contributing cause. A growing number of states 
are, therefore, regulating th(^ minimum amount of light and to some 
extent the quality to be provided. The code sponsored by the American 
Engineering Standards Committee and prepared under the direction of 
the Illuminating Engineering Society forms the basis of most of the 
state laws. It makes the following minimum provisions as to amount 
of light: 
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Rule 1 . — Illumination Required. — The illumination maintained 
shall be not less than given in the following table ; 

TABLE XLVni Minimum fo-ot- 

candles on the space 
or at the work 

(a) Roadways; yard thoroughfares. . ... 0.02 

(b) Storage spacc.s; aisles and f)assageways in workrooms except- 

ing exits and passages leading thereto . . 0 25 

(c) Where Discriminatwn iij Detail la Not Essential . . 0.5 

Spaces, sue-h as: — Hallways, stairways; exits, and passages 
leading thereto; toilet rooms; elevator cars and landings. 

Work, such as: — Handling material of a coarse nature; 
grinding clay products; rough sorting; coal and atih han- 
dling; foundry charging. 

(d) Where Slight Disenmiiial ton of Detail Is Essential ... . 1 

Spaces, such as: — Stairways, passageways and other loca- 
tions where tlu'n* are exposed moving machines, hot pipes, 
or live electrical parts. 

Work, such as: — Rough machining, rough assembling; 
rough bench work; rough forging; grain milling. 

(e) Where Moderate Discnnnnntion of Detail Ts Essential. . . 2 

Work, such as: — Machining; a.ss(‘mbly work; bench work; 
fine core making in foundries; cigarette rolling. 

(f) Where Close Diserinunation of Detail Is Essential . . 3 

Work, such as: Fine lathe W'ork, pattern making; tool 

making; w'eaving light-colored silk or woolen textiles; office 
work; acc(mnting; lypew'rit ing. 

(g) ^here Disrniiiinatfori of Minute Detail Is Essential . 6 

Woik, such as: — Watchmaking; engraving; drafting; sew- 
ing dark-colored material. 

For recoiurncndt'd values of illumination see Table XXXVIII. 

As to th(‘ quality of light the code providc's; 

Rule 2. Avoidance of Glare ^ Diffusion and Distribution of Light. — 
Lighting whether naturtd or artificial shall be such as to avoid glare, 
objectionable shadows and extreme contrasts, and to provide a good 
distribution of light; in artificial lighting systems, lamps shall be so 
installed in regard to h(‘ight, location, spacing and reflectors, shades or 
other suitable accessories, as to accomplish these objects. 

Bare liglit sources, such as exposed lamp filaments or gas mantles, 
located within the ordinary field of the worker’s vision, are presumptive 
evidence of glare. 

Illumination of the Work. — Laws incorporating the above provisions 
are made merely from the standpoint of protection to the eyes and to 
the life and limb of the worker. The low values of illumination re- 
quired by the states are not adequate for ofFfeient production. They 
do not take into account the economic factors, which arc of interest alike 
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to the manufacturer and his employees and which have been taken into 
^account in Table XXXVIII, Chapter V. 

It is significant that those factory managements which have given the 
most study to the lighting of their plants are tending in their practice 
toward higher levels of illumination. A few years ago illumination 
values of 5 foot-candles in a factory were considered high; today, large 
areas in some industries are lighted to intensities of 50 foot-candles. 

The results of some quantitative tests in factories are indicated in 
Table XLIX. 


TABLE XLIX 


iLLUMINATlON-PltODUCTION K(X)N()MY TesTS 


Shop 

Average Foot- 
oandlea 

Old SyHfom 

Average Fool- 
cutulleH with 
New SyHl.cn 1 

Increase in 
Production 
with Now 

S> .St Cl II 

Lighting Coat 
in Per Cent of 
l*ayroll 

Pulley finishing 

0 2 

4 8 

35 0% 

.'> 0% 

Soft -metal bearing 

4 () 

12 7 

15 0';;. 

no data given 

Heavy steel machine. 

3 

11 5 

10 0% 

1 2% 

Carbureter assemblj^ 

2 1 

12 3 

12. 0^;;, 

0 !)% . 

Jute spinning 

I 5 

9 0 

17 i)% 

no (lata given 

Plant mfg. elec., gas, 
and sad irons 

Semi-automatic buff- 
ing brass shell 

0 7 

(4.0 at tool 
r>t ) 

13 5 

12 2% 

2 5% 

sockets 

3 8 

11 4 

8 5% 

1 86% 

Mfg. pist on rings 

1 2 

18 0 

25 S% 

2 0% 

Letter se])arat ing. . 

3 6 

S 0 

4 4% 

0 0% 

Roller bearing 

5 0 

20 0 

12 5^,. 

2.4%, 


It will be seen that in all of these cases the advantage gained in 
decreased cost of production is far beyond tli(^ increased cost of lighting. 

In a consideration of the amount of light necessary for factory illu- 
mination, all work surfac^es must be considered, wlu'ther in horizontal, 
vertical or oblique planes. At one time, attention was largely con- 
fined to light on the horizontal; yet most factory work involves the 
perception of objects in their three dimensions, and the illumination of 
all surfaces is important. 

Except in especially unfavorable locations, such as near the dark 
side wall of a room, any of the systems of lighting usually employed can 
be expected to provide an intensity of illumination on any vertical plane 
equal to about one-half of that measured in a horizontal plane at the 
same point. This fact should be kept in mind, particularly in designing 
a lighting system to comply with the State Codes, which usually specify 
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only the value to be provided on the principal plane of the work, which 
may be vertical, horizontal or oblique. » 

niumination of Surrounding Surfaces. — Moderate intensiti<is of 
illumination in aisles and other spaces intermediate between the working 
surfaces, on the walls, etc., are necessary to safety, good vision and a 
stimulating atmosphere. Light side walls are conducive to a cheerful 
impression of brightness throughout the room. Sources which direct 
considerable light to the vertical planes, and light colors for the upper 
walls, aid materially in accomplishing this. 

The eyes of the workman looking up from his well-illuminated machine 
or bench arc not adai)ted for vision at low intensities; hence, if adjacent 
objects and aisles are only dimly lighted, he will be (;ompelled to grope 
about, losing time and risking accident, or to wait until his eyes have 
become adapted to the low intensity. Glancing back at his work, he 
again loses time while the pupils of his eyes adjust themselves to the 
increased amount of light which reaches them. If long continued, this 
condition leads to fatigue, as well as to interference with vision, and to 
accidents. The general illumination of all intermediate and surround- 
ing areas should be sufficient to allow no marked contrast with the 
brightness of the working surfaces. 

Direction and Diffusion of Light. — Differences in brightness of sur- 
faces, that is, light and shadow, arc essential in observing objects in 
their thnn* dimensions. Without such differences, except as variations 
in color are jnesent, no outlines, edges or contours would be defined; 
one could not tell whether the faces were flat, convex or concave. On 
the other hand, in the factory it is usually nec'essary to work on surfaces 
in many ])laiu»s; hem^e, while dense, sharp shadows would define edges 
and outlines most distinctly, thc^y might also be so dark as to interfere 
with work in the shaded areas. 

In offices, (dose scTutiny is largely limited to plane surfaces and the 
printed words and figures arc rendered legible by difference's in color and 
contrasts in brightness with the background, and hen' specular reflec- 
tion and shadows are of no aid to vision, but usually do harm. Most 
factory operations, however, involve viewing objects in three dimensions. 

For satisfactory geuieral illumination in industrial plants, there must 
be no shadows so dense as to make vision difficult where the direct 
light from one or two sources is cut off, nor so sharply defined as to cause 
confusion between a machine part and its shadow. In general, lighting 
should be so designed that shadows are present, blit they should be soft 
and luminous. 

Color Quality of Light. — The spectral character of light used for 
industrial processes has an importance depending, upon the nature of 
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the task and the shop personnel. When objects having color differences 
Rre involved, color identification and discrimination form an important 
aid to vision. They define outlines and edges and serve to identify 
objects which may be similar in other respects, such as form, texture 
and reflection-factor. For many industrial operations, therefore, it is 
necessary to provide an illuniinant which emits rays of all colors, as is 
the case with gas and electrics incandescent lamps. Where manufac- 
turing pro(;ess(^s require more precise color identification, a further 
correction, sucli as is provided in the daylight ” lamps, is found de- 
sirable, and for dye making and the closest color matching, the lighting 
equipment must dupli(;ate the standard north skylight with exactness. 
There are, of course, iiuincrous industrial i)rocesses in which little color 
discrimination is involved. 

Under certain conditions the spectral character of the light is im- 
portant from the standpoint of the penetrating i)ower of the 
various wave-lengths. Thus, in a foundry, light in whicdi red and 
yellow rays predominate is most effective during certain periods of the 
day^s operations. 

Glare. — Glaring light source's are freepKiiitly th(' clause of accidents; 
they interfere with vision, (*ause annoyance, dis(;oinfort and faiiguc. 

Wherever highly polished surfaces are prese'nt, tht‘ refle'cted images 
of a liglit soure^c, as seen in tht^se' surfaces, are likedy to cause more 
discomfort than Uie source' itself. This is bee;ause' of the necessity of 
directing the eye towarel the weu'k surfaeres, anel furthe^r because of the 
relative sensitiveness of the eye to liglit rays entering from bedow. In 
choosing lighting equipment it must be borne in mind that, although a 
given reflector may afford aflecpiati' protection against direct glare from 
the filament, it will not protect, against glaring n^fl (actions unless the 
laiiif) is shielded in siudi a manner that, it is not glaring when viewed 
from directly beneath. There an' c(‘rt,a,in industrial operations, such 
as the ins])ection of finished surfaces, in whicli a certain degree of specu- 
lar reflection or sheen is very effectiv(^ in facilitating the process. 

The ideal source for most factory lighting must be low in brilliancy, 
to minimize glare and specular reflection, and must distribute the light 
in a manner to supply satisfactory illumination on the vertical as well 
as on the horizontal. It must be kifficiently large in area to give soft 
shadows, and in most ceases must be small (iiiough to insure a directed 
light. 

The Design of a Factory Lighting System. — The first provision to 
be made in tlie lighting of a factory is that of good daylight facilities. 
Where conditions do not permit the use of saw-tooth or monitor sky 
windows, the excellence and uniformity of daylight illumination near 
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the windows is of a very much higher order than that through the center 
of the shop. This non-uniformity may be overcome to some extent 
through the use of prismatic glass in the upper part of the windows, so 
as to redirect the daylight toward the center of the room. Glare should 
be avoided for those workers who must face the sky for long periods and 
for those who may at any time be subjected to direct sunlight, through 
the use of window shades. In order to utilize better the available day- 
light and permit the maximum intensity to reach the center of the room 
while still shading operators near the windows, ii. is especially important 
to have shades which may be drawn over the lower part of the window 
only. Window shades should be translucent rather than opaque. 

For the artificial lighting of fa(*tories three types of illurnmants are 
in use to-day — iiicaridcs(;ent cdectric, incandescent gas (as well as a few 
open gas flames) and niercury-vapc)r arcs. In the (dioice of an illunii- 
nant one should consider the relative efficiency of light production, not 
only initially but especially throughout life. The latter is a i)oint on 
which full inforniation should always be obtained. One should further 
consider the* effectiveness with which the light can be utilized. In this 
connection the range of available^ sizes is important, as is also the adapt- 
ability to control of distribution and cpiality of the light through acces- 
sory equipment. Spca'-tral cJiarac'ter of the liglit, convenience factors, 
fire hazard and other items entcT. In determining the relative cost of 
lighting systems three items must Ixi iiududed: (1) Fixed charges, 
which include interest on the investment, deprcH'iation of permanent 
parts, cleaning and other cxp<ms(*s which are indepcaident of the hours 
of use; sometinu's this item forms the greater part of the total operating 
expense; (2) mainteaiancc cliargc^s, which include renewal of parts, 
repairs, labor and all costs, except the' cost of energy, whicih dei^iiid upon 
the hours of burning; (3) the cost of energy, which de])ends upon the 
hours of burning and the rate for gas or elc(‘tri(*ity. 

From the dis(!Ussion of factory ligliting recpiireiiients, it is apparent 
that the early practice of lighting industrial operations largely with 
light sour(;es at the work itself will not provide satisfactorily for all 
requirements. There are, of course, soiin^ ofxa-ations which reepnre an 
exceedingly high intensity at the point of th(i work, and this intensity 
can })e satisfactorily and most economic^ally applied with small units 
lighting restricted areas. When such units are emf)loyed they should 
be, as far as possible, pc’rmanently fastened in the correct position. 
Special care must be exercised in shading tluan tc) protect the eyes not 
only of the operator but also of all the people in the room. To avoid 
objectionable contrasts in intensity, general overhead illumination 
should be provided in considerable amount. The .higher the values of 
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the local illumination required, the greater must be the illumination of 
the surrounding surfaces. 

practice has tended toward higher and higher values of general 
illumination, the necessity for local sui)plementary lighting equipment 
has rapidly decreased. In a large proportion of typical modern manu- 
facturing spaces, the absence of overhead obstructions and the arrange- 
ment of processes is su(;h that a symmetrical installation of lighting 
units may be made, giving substantially uniform values through the 
room or working areas. This arrangement i)ermits the maximum 
flexibility in rearranging processes and macliinery. In other plants 
the presence of shafting, belts and other overhead obstructions, and a 
fixed arrangement of the plant facilities make it desirable, while still 
providing general illumination from overhead, to locate the rows of 
units so that- there will be the greatest freedom from shadows and the 
highest utilization of the light flux. Another condition which frequently 
makes a modification of the sjnnmctrical arrangement of units desirable 
is the presence of machinery, benches, etc., along t-lu^ wall, necessitating 
the placing of the outside rows of units sufficiently clos(^ to the wall to 
avoid shadows from the operators and from machinery or materials. 
Where such benches or machinery are emi)loyed much of the time, this 
arrangement is usually found preferable to th(‘ alternative of supplying 
supplementary lighting units over the benches. 

Exterior Lighting for Industrial Plants 

Exterior lighting of industrial propertic's is recpiired princ^ij^ally for 
the following purposes: 

1. The illumination of yard thoroughfares, approaches and passage- 
ways; 

2. The identification and handling of materials stored out-of-doors; 

3. The protection of buildings and materials against incendiarism, 
explosion, sabotage and theft; 

4. The guarding of the plant boundaries to prevent the entrance of 
unauthorized persons. 

Safety demands that- any area which an emi)loyee is required to 
traverse after dark be lighted adequately. Owing to insufficient 
attention to these spaces in the past, the ac.cidcnt toll has been exceed- 
ingly high as compared with other parts t)f the plant used for correspond- 
ing periods. The requirements are more severe than in the usual street 
lighting, inasmuch as in emerging from a brightly lighted building or 
passing to another the *eye does not quickly ac(;ommodatc itself to 
function readily under the greatly diminished intensity. 
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To facilitate the handling of material in a yard with safety and 
expedition, the matter of shadows must receive careful attention; where 
material is stored in high piles, satisfactory lighting becomes difficult. 
The illuminants should, therefore, be mounted high or a number em- 
ployed to light a given space from several directions. When night work 
is carried on regularly in the yard over a considerable period, the in- 
tensity of illumination should be as high as for similar operations in 
interiors. Where the light is required only oc;casionally, a lower stand- 
ard will suffice. 

The electrical energy required with modern incandescent lamp 
equipments for general illumination of yards is of the order of 0.02 to 
0.1 watt per square foot. 

Types of equipment which find application in exterior lighting about 
an industrial plant are the following: 

Dome-type enameled-steel reflectors; 

Radially-fluted tyf)e enameled-steel reflectors; 

Prismatic refractor fixtures; 

Angle-type enameled-steel reflectors; 

Floodlighting projectors. 

In selecting any of the equipments for outdoor service, one should be 
careful to secure well-constmcted, weather-proof fixtures. 

The dome-type reflectors are suited for use on brackets or mast- 
arms attached to buildings or poles distributed through the yard. 
Except in the case of units of 100 watts or less, which may be installed 
as low as 15 feet above the ground, the mounting height should be not 
less than 18 feet. Higher suspension will further improve conditions 
for vision. A degree of uniformity satisfac^tory for general yard or 
roadway illumination will be secured if the spacing between the dome 
units does not exceed four times their mounting height. 

Because of the wide distribution from the dome radially-fluted 
reflector, such units may be mounted at spacings up to six times the 
height of the lamps above the ground. The lamp filament is, of course, 
not shielded from the eye with these reflectors and it is, therefore, par- 
ticularly important that even the small sizes of lamps be mounted not 
less than 15 feet above the ground, and that the height of sizes above 
100 watts be 20 feet or more. Radially-fluted reflectors are available 
without the central dome part; their use in this forjii is not to be recom- 
mended, however, because the lamp filament must necessarily be placed 
at a considerably greater distance below the fluted reflecting surface, 
and the light, therefore, less effectively redirected. The dome radially- 
fluted units are, in general, also to be preferred to the flat-cone or 
concentrically-fluted reflectors. 
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The prismatic refractor fixture as used in street lighting gives the 
jvidest distribution of light of any of the equipments for exterior use, 
and ^t the same time protects the eye from glare better than does the 
radial wave unit. The angle at which the maximum candlepower is 
directed depends upon the position of the filament and hence of the fix- 
ture socket with reference to the refractor. For yards, the fixtures 
should be ordered with the socket in a position such that the maximum 
candlepower will be delivered at least 15 degrees below the horizontal. 
The intensity near the horizontal is then greatly reduced and the result- 
ing glare is not excessive. Refractor units should be mounted 20 feet or 
more above the ground and spaced not more than eight times their 
height. Typical fixtures deliver from (50 to 70 per cent of the light be- 
low the horizontal. They are available in a variety of substantial 
forms. 

The angle-type of enamelcd-stecl refle(;tor may sometimes be used 
with advantage for spaces between buildings too wide to be lighted 
adequately from dome reflectors on brackets at the structures, or for 
open spaces before buildings where it is necessary to avoid setting poles. 
Such units should, in general, be mounted 25 feet or more above the 
ground, and the spacing ])etwoen units on a Iniilding fat^o shouM not 
exceed two to three fimes their mounting h('ight. Angle reflectors 
deliver from 60 to 65 per cent of the light from the lamp below the 
horizontal. 

The four types of cquiptrient discTissed above must be distributed 
at moderate spacings on supports relatively near the area to be illumi- 
nated. This distribution of units restilts in (he marked advantage that 
at a given point light is usually received from sev(Tal lamps and from 
different angles, thus obviating dangerous shadows and minimizing 
the effect of the outage of an individual lamp. The eepaipments are 
efficient and their cost is relatively low. To mount the fixtures, how- 
ever, it is sometimes necessary to erect additional j)oles or other supports 
and to extend the lighting circuits. 

With flood-lighting projectors, on the other hand, the light is confined 
within relatively narrow angles. The resulting beams are of high 
candlepower, ranging from 5()(K) to 300,000, and the light may be 
projected to a given area at a distam^e. Equipments may be mounted 
at a few favorable points, often on existing circuits. Thus the cost of 
additional poles and wiring may sometimes be saved, but this advantage 
is usually more than offset by the relatively high cost of the projectors 
themselves and the somewhat lower utilization of light flux. Flood- 
lamps are particularly valuable for providing light quickly in an emer- 
gency, for supplementing regular systems and temporarily reinforcing 
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the intensity at certain points. They fill a great need in illuminat- 
ing construction work and other locations in or near which no wiring 
can be carried or no supports placed for the other types of lighting 
fixtures. 

For general application about an industrial plant, units of medium 
beam spread, from 15 to 30 degrees, arc most often suitable. The 
desirable beam spread under given conditions obviously depends upon 
the area to be illuminated and the distance of the projector from this 
surface. Flood-lighting from one direction only should, if possible, be 
avoided when there are any materials or obstructions to cast shadows, 
for these will of necessity be long, sharp and dark. However, if flood- 
lighting lamps can be mounted on two or more sides of a space, excellent 
illumination will frequently result. In general, the units should be 
mounted on buildings, platforms or bracket arms at least 30 feet above 
the ground. A mounting height of 40, 50 or even 00 feet is usually 
much to be preferred. High-candlepower narrow-angle flood-lamps on 
building roofs or elevated platforms are valuable in lighting long ap- 
proaches to a plant or in sweeping open fields and waterfronts about a 
property. 

Power circuits in industrial plants are often of the 230-volt class for 
greatest economy. This voltage is, however, much kvss efficient for 
lighting than in service of the 115-volt class. The light output with 
the lower voltage is, in the case of incandescent lamps, from 15 to 20 
per cent greater for a given wattage and the cost of the lamps is materi- 
ally less. It will be found, mcireover, that the service rendered by the 
higher voltage sources is somewhat inferior. However, it is not in 
general desiral)le to burn two lamps in series. The failure of one of 
them involves the outage of both; an old and a new lamp will not be 
found to give satisfactory performance when operated in series. In 
practically all cases it will b(‘ found more economical to install balancer 
coils or extra transformers if the service be alternating curnmt, or a 
motor-generator balancer set if the service be din^ct current, in order to 
obtain the lower lighting voltage. In all cases the lighting circuits 
should be separate from the power circuits, both because of the greater 
voltage flu(*tuation on the latter and the undesirability of having the 
lighting system out when troubles occur on the powt^r fines. 



400 


INDUSTRIAL LIGHTING 



Print Shop 

20()-w:it t dear lamps in <lilT users Si)a(*e(l 9 feet by 10 feel and mounted 

10 feet above floor. Average illumination in service 15 foot-candles. 
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ISIoTou Cak Rody Finishing 

300-wa,tt lamps in cl i)ti(;al angle reflectors. Spaced 0 feet by 12 feet and 
mounted 7 feet above floor. 
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CHAPTER XII 


SIGN AND DISPLAY LIGHTING 

[H. H. Magd.sick] 

An illuminated sign, like any other form of advertising, must have 
two characteristics: Firat^ attracting power, or the ability to gain 
attention; secondj selling power, or the ability to impress a message and 
make it endure. In the majority of displays, a third essential is legi- 
bility, or the property of showing word or picture in well-defined, clean- 
cut lines. Display advertising, because it cannot move and because it 
must do its work on moving people, must be very simple, striking, 
impressionistic. 

Brightness and motion are two of the major characteristics of sign 
lighting by which the designer obtains attracting and selHng power. 
Originality, beauty and color are tools which the designer uses according 
to Iiis ability and the extent of the binds available. The picture, 
border, size and position of the sign are factors which bear tremendously 
on the effectiveness of the display. 

The principal forms of illuminated advertising are: 

1. Electric Signs: 

a. Gaseous-conductor tube designs, 

b. Patterns in exposed incandescent lamps, 

c. Enclosed lamp signs, 

d. Silhouette signs. 

2. Illuminated Boards: 

a. Painted bulletins, h. Posters. 

3. Building Displays: 

a. Outlines or patterns in exposed lamps, 

b. Outlines or designs with enclosed lamps, 

c. Flood-lighting. 

4. Festival or Carnival Lighting. 

Gaseous-Conductor Signs. — Gaseous-conductor tubes have in recent 
years found considerable application in advertising displays. Neon, 
with or without various admixtures, is the gas employed. The glass 
tubes usually have a diameter of from } to J inch bent to form the 
desired letters or pattern. Typical lengths of sections employed are 
from 10 to 20 feet, requiring for their operation potentials of the order 
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of 6000 to 15,000 volts A.C., with a current of the order of 18 milli- 
•amperes, and upward. The signs are therefore economical in energy 
cons^imption, although relatively high in first cost. 

Neon produces a characteristic reddish-orange glow. With mercury 
added, a light blue color is obtained at temperatures above 40° F. ; at 
lower temperatures the mercury vapor condenses. Green is another 
color that is commercially practical. The light is emitted in relatively 
narrow bands of the spectrum. This fact, together with the smooth- 
ness of the continuous line of light, gives the signs unique characteristics 
which are especially striking and effective in the darker districts. The 
brightness of neon gas is, however, sufficient to be scTviceable in many 
locations in daylight. 

Neon tube signs arc also available in small changeable units operated 
from spark coils and adapted to window displays, etc. 

Exposed-Lamp Signs. — At the present time incandescent lamps of 
all sizes from 10 to 150 watts are used for exposed-lamp displays. The 


F 
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Fio. 122. Types of Signs. 

A — Exposed-lamp sign. B — Enclosed-lamp Sign. C — Silhouette sign. 



proper lamp in any display depends upon the following factors: The 
shortest distance from the sign to the people to whom it is to make its 
appeal; the circulation, or the number of people who pass through the 
sphere of influence of the sign; and the surroundings and competing 
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brightness. Brightly lighted districts require brighter signs. These 
relationships are shown in Table L. This table shows the size of lamp 
from the standpoint of light output. Another factor is the physiciU size 
of the lamp, which deter- 


mines the minimum spac- 
ing and hence the fineness 
of detail to be depicted 
in the design, and the 
smoothness of the lines 
of light. In the 10-watt 
size, for example, there 
are also lamps with very 
small bulbs and bases par- 
ticularly adapted to ac- 
complishing these results. 

In the ordinary type 
of sign, the filament of 
the incandescent lamp, 
although very bright, is 
small in size and against 
the light backgrounds of 
daytime there is often in- 
sufficient area of bright- 
ness to command the de- 
gree of attention desired. 
It is, however, optically 
a simple matter to build 
up the area of brightness 



Coefficient of Atmospheric Transparency 


with polished reflector 123. The effect of atmospheric absorption 


surfaces of suitable con- increase the maximum legibility 


tour or with lenses to lav as the atmosphere KTOWS thicker, 

c 1 -IT X decrease it. 

images of the brilliant fil- 


ament side by side so that the entire surface of a letter, for example, 
assumes fiery brightness. The light has then been concentrated in rela- 
tively narrow angles and therefore such a sign is of greatest value where 
people are approaching the sign nearly ‘‘ head on ” for considerable 
distances. At night signs of this kind would be glaring and they are 
therefore dimmed to half voltage by connecting half the lamps in series 
with the other half. 


The pattern of an exposed-lamp display is made up of individual 
spots of light which correspond to the various incandescent filaments, 
or jets of gaslight. For accurate design, and especially when the pattern 
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TABLE L 

cSUGGESTED INCANDESCENT ELECTRIC LaMPS FOR SlGN AND DISPLAY LIGHTING 


For Districts of High Circulation 



Surrounding Illumination 


Dark 


Medium 

Bright 

Small exposed- 

16-watt 


25- watt 

25-watt 

40-w'att 

lamp signs, 25 

inside 


inside 

blue 


inside 

ft. or less from 

frosted 


frosted 

sign 


frosted 

ground 

bulb 


bulb 

bulb 


bulb 

Exposed-lamp 

15-watt 

2.5-watt 

2.5- will t 

50- watt 

50- watt 

signs. 25 to 75 ft 

inside 

inside 

blue 

blue 

inside 

from ground 

frosted bulb 

frosted bulb 

sign Inilb sign bulb 

frosted bulb 

Large or roof 

25- watt 

25-w'utt 

.5()-wat t 

50- wait 

00-w’at t 

lOO-watt 

exposod-ltirnp 

blue 

1 nside 

blue 

insult* 

daylight 

inside 

signs, 75 ft. or 

sign 

fro.steil 

sign 

frosted 

bulb 

frosted 

higher 

bulb 

bulb 

bulb 

bulb 


bulb 

Eiicloscd-lump 

25-watt 

2.5-watt 

5f»-walt 

50- watt 

GO-ivalt 

100- watt 

signs 

blue sign 

inside 

blue sign 

insidi* 

dajhglit 

inside 


bulb frosted bulb 

bulb 

frosted bulb 

bull) 

frosted bulb 

Marquees 

25-watt 


40-watt 

00- watt 

100- watt 


inside 


inside 

inside 


inside 


frostotl bulb 

fiosted bulb 

frost (‘d bulb 

frosttsl bulb 

Building-outline 

25- watt 

25-watt 

40-Wiitt 

.50-wjitt 

.50-w'iit t 

00- watt 

lighting 

iiiHido 

blue 

inside 

blue 

inside 

mside 


fro.sted 

sign 

fiosteil 

sign 

frosted 

frostetl 


bulb 

bulb 

bulb 

bulb 

bull) 

bulb 


For Districts of l*ow C’lrculation 


Small exposed - 
lamp signs, 25 
ft. or less from 
ground 

1 0-watt 1 .5- w at t 2,5- watt 

clear inside insuh* 

bulb frosted floated 

Imlb l)ulb 

rOxposed-lamp 
signs, 2.5 to 75 ft. 
from ground 

10-w’att 15-watt 2.5-W'a1t 2.5-W'att 

clear blue sign inside frost ed blue sign 

bulb bulb bulb bulb 

Large or roof 
exposed-lamp 
signs, 75 ft. or 
higher 

10-watt 15-watt 25-watt 25-watt 50-watt 50-w'att 

clear blue blue inside blue inside 

bulb Kign sign frosted sign frosted 

bulb bulb bulb bulb bulb 

Enclosod-lamp 

signs 

25- watt 25-^'att .5U-wiitt 50-watt 

blue sign inside blue sign inside 

bulb frosted bulb bulb frosted bulb 

Marquees 

25-watt 40- wat t 60- watt 

inside fro.sted bulb in.side frosted bulb inside frosted bulb 

Building-out- 
line lighting 

10-watt 15-wafi 25-watt 25-w'utt 51)- watt 

clear bulb * blue sign blue sign iiwide inside 

bulb bulb frosted bulb frosted bulb 
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includes a picture or any departure from rectilinear letters, for which 
satisfactory empirical formulae have been developed, it is essential that 
the designer know the size of the spots of light. 

The phenomenon by which bright obje(;ts appear larger than 3ark 
objects of the same size is known as irradiation, and is characteristic of 
the functioning of the eye. The eye, because^ of its construction, cannot 
resolve objects which subtend angles of less than one minute of arc; 
if details lie closer togelhta* tluar images strike* the same unit of the 
retina, which is then stimulat(‘d as thougli only one^ image fell upon it. 
However, although not resolvable', the e)hje'e‘t may still be visible for a 



liuckground Bntfhtness (Factor B) 

I'ic. 124. Appiironl Spot Sizes for an Isolated Lamp under DifFereni 
Conditions. 

(a) Distance’^ lOOOleet Ahsolutelv Idaek l)ackp;n>iind Var\mj*; ti]> cMiidk'power. 
ih) 4'ip eiUjdlepovv(T=^<Sl. Ahsoliilely l)l;iek backj^round. \arvin^ dislaneo 
(r) Ti]) eandk'power — SI Disinnei' ^ lOOt) fei't. Varyinp;l)aekj!:round linghtness. 
(d) Minimum angle of ditTerentiation. 

great distance* because eif its brightne'ss. Thus a light source of one 
canellepe)wer may lie* se*en fe)r 1.7 miles. The filame'iit of a sign-lamp, 
when viewed freim a elistane-e* e)f, say, 30 feet., may fe)rm an ae*tual image 
em the retina se)mewhat smaller than the area of erne unit e)f the retina. 
As the^ viewing elistance is the'ii increaseel, the actual image becomes 
smaller and smalle'r, but the re*e‘.ordeel visual im])ressie)n remains con- 
stant in size. Meanwhile the visual impression made by other elements 
of the sign, such as the separation bet-ween lamf)s or letter strokes which 
subtend a larger angle, gradually becomes smaller, and presently the spot 
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of light from a single lamp is as large as any of these elements. The 
^letter strokes are then blurred together and the sign becomes an illegible 
mass of light. 

Tlie size of a spot of light from an exposed light source of any kind 
depends principally upon the candlepower in the direction of the ob- 
server, the distance to the observer, the atmospheric conditions, and 
the total light in the field of vision and the concentration of light near 
the lamp under observation, called background brightness. Fig. 124. 

This relationship is as follows: 


.S = 


D 


AB + 0.0083 D 


+ 0.0035 D 


in which S is the diameter of the spot of light in inches, D is the distance 


TABLE LI 


IlACKfiUOUT^D BiilCHTNESS FaCTTOUS (AB) 


Lamp size, 
watts 

Sizo of 

SIKH, 

total 

lamps 

VaIu(^s of ^ X // 

When the pcenoral surrounding illumination is 

Dark 

Mfdiuni 

Hnght 


100 

125 

2 (;o 

400 


500 

175 

:i4o 

500 

lU 

1000 

225 

410 

(>CK) 


2(KK) 

275 

'190 

700 


100 

no 

2:10 

350 


500 

160 

810 

450 

15 

KK)0 

210 

8S0 

550 


2000 

250 

450 

650 


100 

90 

210 

825 


500 

no 

2S0 

420 

25 

1000 

175 

810 

510 


2000 

225 

420 

(KX) 


100 

70 

170 

275 


500 

115 

280 

850 

50 

1000 

KK) 

290 

425 


2000 

200 

850 

500 


100 

'65 

150 

250 


500 

100 

200 

820 

60 

1000 

140 

250 

375 


2000 

170 

810 

450 


100 

50 

125 

200 


500 

75 

100 

250 

100 

10(X) ‘ 

100 

2(X) 

300 


2(XK) 

125 

240 

:150 
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in feet from the lamp to the observer, A and B are constants which 
depend upon the candlepower of the light source in the direction of the 
observer and upon all other light in the field of vision and its angular 
relationship to the light under observation. See also Fig. 124. 

Although the factors which make up the constants, A and B, may be 
determined experimentally, for practical purposes it is sufficiently exact 
to take these as determined for specific installations as indicated in 
Table LI. 

The values of S may be determined from the equation or more readily 
from Table LII. 


TABLE Lll 

Values of Appauent Spot of Licjht Diameters “ a?? ” in Inches 


D = Distance 
lu feet 

s 

II 

oq 

§ 

S 

oq 

g 

CO 

II 

aq 

f 

aq 

"Tj 

g 

»o 

II 

aq 

f 

eq 

I 

II 

aq 

200 

4 6 

2 7 

1 7 

1 4 

1 2 

1 1 

1.0 

0 99 

400 

8.9 

5 3 

3 4 

2.7 

2.4 

9 9 

2.1 

2.0 

600 

13.1 

7 8 

5 0 

4 1 

3 6 

3 3 

3.1 

3.0 

800 

17.0 

10.1 

0.7 

5 6 

4.8 

4.4 

4 1 

3.9 

1,000 

20.7 

13.0 

8.3 

6.8 

6.0 

5.5 

5 2 

4.9 

2,000 

37.0 

24.0 

16.0 

13 0 

12 0 

11.0 

10.0 

9.8 

5,000 

72 0 

53.0 

38.0 

32 0 

28.0 

27.0 

25 0 

24.0 

10.000 

no 0 

90 0 

70 0 

61 0 

56.0 

52.0 

50.0 

48 0 

20,000 

163.0 

145.0 

125 0 

113.0 

106.0 

100.0 

96 0 

03.0 


In laying out a pattern in which exposed light sources are used, the 
designer must know first what the width of the stroke or line of light 
is going to be. This, being made up of the individual spots of light, is 
equal in width to the diameter of the spots. If he is designing for 
legibility or clearness of pattern at a given dist,anc;e, he may determine 
his stroke width from the table. The distance which he uses is the 
maximum distance at which the display must be ( ffective. In order 
that the appearance may be (usually satisfactory at the shortest distance 
at which the display is ordinarily observt'd, it is necessary for the 
designer to keep the distance between lamps sufficaeiitly small to make 
the line of light at this minimum distance continuous or approximately 
so. The lamp spacing should, therefore, be made equal to, or not much 
greater than, the spot diameter as calculated for the shortest distance. 

One simple procedure for using the spot design method involves the 
use of confetti. A sketch is made up of such a size that when the con- 
fetti is pasted on the outlines of the letters or figures the result is a clear 
picture. The relation between the size of the Sketch, the separation of 
any two lines on the sketch or any part of the skqtch and the similar 
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part of the sign itself is, of course, the same relation that exists between 
„ the size of the confetti and the calculated spot size of the lamps. Before 
givijig final approval to the sketch, however, it should be viewed at a 
distance which bears the same relation to the maximum viewing distance 
of the sign as the confetti size does to the spot size. 

When the pattern consists of rectilinear letters, it is not necessary 
for the designer to lay it out in spots, and a modification of the spot-size 
equation may be used for this purpose as follows: 


H = ^W 


2 

AB + 0.0083 Drn 


+ 0.014 


in which II is the height in inches measured on the center lines of the 
outside rows of lamps as shown in Fig. 125, W is the width of the letter 



Ficj. 125. The legibility equation is based upon a rertilinear letter “E,” whose 
dimensions arc as shown. Wlien a single line of lamps is used, IK = 0. 

stroke in inches, also measured on the center lines of the outside rows of 
lamps, and in the case of a single line of lamps is equal to zero; D„t is 
the greatest distance at which the letter E must be legible; A and B are 
lamp and background constants and may be taken from Table LI; K 
is equal to a separation which, at the distance Dm subtends an angle 
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of one minute of arc at the observer's eye, the shortest distance of 
► separation between two objects which can be seen by an average eye. 

The relative legibility of other rectilinear letters of the same general 
proportions is shown in Table LIII. The required dimensions for any 
letter which is to be legible at a specific distance are, of course, equal to 
H as found in the equation divided by the relative legibility factor for 
the specific letter. 

TABLE LIII 

Relative Legibility op Letters 


A 1.30 

B 0.85 

C 1.07 

D 1.03 

E 1.00 

F 1 04 

G 0.92 


H... 


0 92 

I .. 


.1.41 

J .. 


.1.21 

K... 


1.06 

L . . 


. .1.19 

M.. 


1.13 

N. . 


..1.00 


O 1.06 

P 1.04 

Q 1.06 

R 0.97 

.S 0.95 

T 1.15 

U 1.07 


V 1.08 

W 1.13 

X 1.08 

Y 1.04 

Z 1.01 


For easy legibility, the dimensions for all letters should be made twice 
the size determined by the e(iuation and table for the letter which is 
most difficult to read. This is, of course, the letter with the smallest 
legibility factor. 

Light Motion in Exposed Signs. — Motion is one of the most effective 
tools the designer can use in planning a display. Four principal forms 
of motion are widely employed : Flashing, dimming, running or travel- 
ing motions, and picture motions (motions which imitate the movement 
of actual objects). 

In exposed elec^tric lamp signs, practicality all motion is obtained by 
connecting and disconnecting lamps in rapid sequence. In order to 
effect the rapid change of connections flashers are used. These are 
either motor-driven or are thermostatic. 

Thermostatic flashers are usually made for one or two lamps only and 
are, therefore, used chiefly for indoor and very small signs. For all 
ordinary outdoor display flashing, the motor-driven rotating segment 
type of flasher is used. When more than 15 ami)eres must be broken, 
the rotating segment and brush control an extra circuit, which in its 
turn controls a magnetic breaker for the heavy current. 

To obtain the effect of a running border or a traveling motion, the 
entire pattern is burned continuously with every third or fourth lamp 
out. The pattern is in light, and the motion consists of series of black 
spots or gaps which moye along the path of light. The effect of direc- 
tion is lost if every other lamp is burned and the pattern itself is lost if 
all except the traveling parts are left dark. 
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In gas signs, which consist of piping in which a series of holes has been 
drilled for small jets of gas flame, the wind repeatedly blows sections of, 
the sign out. The extinguished lights are immediately ignited ^gain 
by other sections or by the protected pilot light, and tliis causes irregu- 
lar running motions which arc quite distinctive. 

For picture motions there are three essentials, of which the first is 
clearness or legibility in each separate vit'w. This may be assured by 
designing these views as separate signs. Second, a sufficient number of 
views must be included to define the entire action. Third, the correct 
time relation must be given each of the various views. If the picture 
shows a swing, five views are probably necessary and the law of the 
pendulum should be used for locating the positions at equal intervals 
of time. If the picture shows a fountain or sky rocket, the position of 
the lamps should be properly spaced for equal intervals of time according 
to the laws of falling bodies. 

Enclosed-lamp Signs. — It is not possible to space exposed lamps 
closely enough to form a continuous line of light at the shortest distance 
at which small signs are seen. Then'fore, in order to avoid the spotted 
appearance of such signs, many advertisers prefer the smoother though 
less bright effect obtained with translucent glass letters illuminated from 
a hidden light source. A (i-imdi spacing from lamp to lamp and a 3-inch 
spacing from lamp to projected edge of pattern will prove satisfactory 
in signs of ordinary construction, provided the inteiior surfaces arc 
finished in white. 

Silhouette Signs. — In silhouette signs the pattern is seen as a shadow 
over an illuminated background. In the usual construction the letters, 
or pattern, are mounted on short metal pins. An interesting variation 
is that of mounting th(' pattern on perforated metal covering the face 
of the sign. The iiu'tal may be painted with any pleasing and non- 
interfering pattern dc'sired. This will show in the daytime but at night 
the perforated metal disappears from sight and one sees either only the 
pattern which has been phu^ed upon it or this pattern against a scene 
which has b(‘en painted on the inside back surface of the* sign structure. 
Perforated metal with the holes filled with a powdered glass composition 
gives ideal protection against the elements and a pleasing sparkle to 
the letters. 

Bulletin and Poster Boards. — A sharp distinction is drawn between 
bulletin and poster boards. Bulletin boards are those on which the 
pattern is painted. These range in size from a f(’W 'inches to a hundred 
feet or more. A standard size frequently employed is 50 by 11 feet. 
Poster boards are those upon which lithograpfied posters of a standard 
25- by 10-foot size are pasted. Poster advertising dias become so highly 
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oigaiiizod that it is possible to treat it as a single, unvarying example 
*of standardized practice in so far as illuniination goes. 

F(^r satisfactory illumination of either bulletin or poster boards, the 
following conditions must obtain: The board must be illuminated to an 



Pkj. 126. Simple Method of In- 
stiilhriK Porcelaiii-EnjinKilod Angle 
Kefloctors. 


intensity sufficient to make it stand out 
strongly in contrast with other objects 
in the same field of vision; it must be 
illuminated uniformly — a certain defi- 
nite variation in illumination must not 
be exceeded; there should be, if pos- 
sible, no glare spots; the lighting units 
should be as inconspicuous as possible. 

There ar(' two principal methods of 
illuniination of bulletin and poster 
boards. In one method the lighting 
units, usually employing porcelain- 
enameled angle' r(‘fli‘ctors, are mounted 
above and in front of th(‘ display at the 
end of conduit, arms, as indicated in 
Fig. 126. In th(' oHu'r, the light may 
lie jiroject.ed from flood-light projec- 
tors, usually from below and at one or 
both sides of the display. 


TABLE LIV 

Painted Bulletin and Pos'iek Illume,’ \tion dv Eleutkk’ Incandescent Lames 

IN An(;le Hlelectous 


Si/o f)f Lumps, Wjilts 


Iloieht of 
Fioaiii 
(F«et) 

Oistaiu’o 
twoi-ii Tjiinipa 

(V <‘(‘( ) 

Distaiu-i* < )ut 

from Court 1 
( J'Vet ) 

TlfiMilit j 

Romd 
( yrrt) 

D.-irK 

J)ishi(‘l,s 

ATi'dium 

DimIiu'Lh 

Di.stncts 

5 

4 

3 

^ 1 

r)0 

00 

100 

6 

5 


1 

00 

100 

150 

S 


4\ 

1 

100 

150 

200 

10 

S 

r/i 

1 

IdO 

200 

300 

12 

1) 

6 

IV 

200 

:m 

500 

15 

lOi 

7 

IV 

300 

500 

750 

20 

13 

9 

2 

500 

750 

1000 

;io 

1 IS 

12 

1 2 

750 

1000 

1000 


In darker districts movement and change in appearance may be 
accomplished by a proper combination of colored light and a colored 
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pattern, usually red and green. A red pattern on a white background 
becomes invisible under red light, and shows as black under green light, 
Conversely, a green pattern on a neutral background disappears under 
green light and appears black under red. Thus figures and patterns 
may be made to appear and disappear and, if the switching is rapid, 
they may seem to move. By means of automatic dimmers other effects 
of gradual blending and evanescent color are possible in the painted 
picture. Installations of this character rt'ciuirc far higher wattages 
than are indicated for the usual l)oard. 

Life and sparkle may be added to the painted bulletin through the 
use of a lighted moving border or lighted glass letters or patterns, or 
even exposed-lamp patterns incorporated in the general scheme. 

Building Displays 

Exposed light sources, encloscnl lighting, and floodlighting are all 
used for l)uilding displays. The form best suited to and most desirable 
for a particular cas(i depends upon the ar(diitectural character of the 
building and its surroundings; the desired effect — whether sensational 
or dignified; also, upon whether the building is already completed or is 
still to be erected. The n)ost effective display cannot always be in- 
stalled upon a structure already built. It. is best, when possible, to 
determine the form of display when the building plans are being drawn. 
Cooperation with the architect at that time insures harmony with his 
design, both in daytime and night appcnirance, and mak(‘S possible 
provision for accessibility for maintenance. 

Exposed sources for building disjflays are us('d in three forms — cor- 
nice ligliting, patt.(‘rns in l)aildiiig fronts, entrance and marquee lighting. 
The competing brightness and circulation at tlie sj)ecifi(; locaticm deter- 
mine the brightness reciuinMiients. Suitable^ incandescent lamps are 
indicated in Table L and the proper lamp spacing is determined as for 
signs. 

Translucent })anels enclosing lam])s offer a nuains of building decora- 
tion somewhat less garish than exposed sonnies. Color and variation 
may be introduced as in enclosed-lamp signs and the lighting require- 
ments are of tlu‘ sam(‘ character. Such displays cannot readily be 
added to an existing building. 

Floodlighting. — Floodlight, ing is especially suitable when the struc- 
ture is monumental, has natural beauty oi striking architecture; when 
the building, or part of it., such as a tow(*r, is not crowded in among 
other buildings and is not ini mediately adjacent to high brightness; 
when the structure commands a long view; when the effect desired is 
that of dignity, beauty and conservatism, rather than sensational 
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publicity. Properly applied, floodlighting greatly emphasizes and often 
/•nhances the beauty of a building or the sentiment expressed in a 
monijpient, which may be little heeded in the general panorama of 
daylight. 

The application of floodlighting extends to painted bulletins or posters 
treated for high class surroundings, and to painted signs on high chim- 
neys or water towers. It is widely employed for the illumination of 
large outdoor areas for pageants or sports, bathing beaches, drill fields. 



Fkj. 127. San Francisco City Hall, 1925. 


et cetera; also for factory and railroad yards, docks and wharves, and 
outdoor construction work. 

In industrial applications it is of great importance that long heavy 
shadows be avoided. A sign is usually lighted uni fori rdy over the entire 
surface, but in the case of buildings or monuments, shadowlcss lighting, 
uniform in color, is not always most effective. Shadows may be em- 
ployed to obtain greater relief, and variations in intensity and color 
may be used to emphasize important details and suppress others, or 
to give the subject a new and pleasing character. Color is useful not 
only in the mass, but also as an adjunct to white light in adding depth 
and in providing pools of light against which parts of a structure may 
stand out in silhouette. It gives great scope to the skill of the lighting 
artist. Improperly employed, floodlighting may distort a structure or 
produce grotesque results. 

Floodlighting Equipment. — Since a specularly reflecting surface is 
necessary in order to direct the light into the relatively narrow beams 
desired for floodlighting, polished metal or mirrored glass reflectors must 
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be employed. Because of their high initial reflection factor and main- 
tenance of efficiency in service, the mirrored glass units have been widely 
adopted. Chromium-plated reflectors arc a recent development. 
Because of extreme hardness of the surface, non-corroding properties, 
and relatively satisfactory reflection factor, they are likely to supersede 
the other metal reflectors. 

TABLE LV 

Reflecting Surfaces for Floodlighting Projectors 


Reflection Factor 
(Per Cent) 

Mirrored glass .... 85 

Chromium plate . . 65 

Polished aluminum .... 62 

Nickel plate ... 55 


For very large spectacles, lighting of high columns of steam or smoke, 
or cloud illumination, arc searchlights with attachments make possible 
results that can be obtained in no other way. 



Fici. 128. Typical Floodlighting Reflector ('oritours. 


A and B, for use with ordinary multiple lamps give medium and wide spread of beam. 

C, D, and E are for use with coneeniratcd-filaTnent fk)odlighting lamps 
C — Shallow paraboloid, narrow spread of beam. 

D, E — Deep r(*flectors of modified contour, medium spread of beam. 
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The incandescent lamp equipments available may be divided into 
^wo general classes: those which in various sizes employ 100- to 1000- 
watt ^as-filled tungsten lamps of the regular construction; and those 
which are designed for use with floodlighting lamps, having specially 
concentrated filaments, of the 250- or 500-watt sizes. The smaller 
light source of the latter permits more accurate control of the beam; 
from some projectors the spread is not more than 10 degrees, from others 
it may be as much as 50. With the ordinary multiple-lamp equipments, 
the minimum spread of beam is about 15 degrees and the maximum 
about 50 dc'grees. With a given contour of reflector, some variation in 
the spread of beam is obtained !)y moving Hie lamp filament backward 
or forward along the axis of the reflector. The maximum spread so 
obtainable is usually less than twice the minimum angle of divergence. 

The percentage of the light from the lamp directed into the beam de- 
pends primarily upon the amount int-erc(']ited by the reflendor and also 
upon the contour of its surface. The (Hpiipmc'nts available dire(d. from 
20 to 50 per cent of the light into the beam. ]low(‘ver, for the flood- 
lighting lamp projectors and the ordinary multiple-lamp equipiiumts 
with medium and wide beams, an output of 35 to 50 per cent may be 
obtained with reflectors of pi’oper design. (See Fig. 128.) 

Floodlighting Design Data. — Four faidors must be considered in the 
design of a floodlighting inst-allation. These' are illumination desired, 
choice' of equipment., location of equipment, and size and number of units. 

In Table LVI are suggested values of illumination for typical flood- 
lighting installations. Thv low('r values apply foi’ Iniildings in tlie' darker 
locations and the higher ones for brighter distri(*t,s. 

The choice of projectors is largely d('teriiiined by the dimensions of 
the area to be lighted and th(' location of the e(iuipment with respect to 
the area. There is oft(*n little choice in locating the units, but, in 
gent'ral, it may be said that for structures of simple treatment and those 
built to symbolize mass and strength, the desirable uniformity of illumi- 
nation is obtained by locating the units at some distaru'e, as, for ('xainple, 
on roofs of adjacent buildings. If, however, the beams are to be di- 
rected near to the street, they jnay prove distracting coming from a 
distance because they will often be too well defined in the dust or mois- 
ture of the air. On th(' other hand* strinttiires, which arc designed to 
emphasize height, or to give play to light and shadows, are usually most 
appropriately lighted by means of equipment placed on or close to the 
building itself. Gothic structures, columns, and set-back buildings are 
examples of the latter case. Marquees and balconies offer good loca- 
tions. For outdoor area's poles or towers must sometimes be erected 
to carry the projectors at heights of 30 to 60 feet above the ground. 
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TABLE LVI 

Desiuable Illumination Values for Floodlighting 


Building Surfaces 

Foot- 

candles* 

MlscelIaneou^' Applications 

fPoot- 

candlos 

White or cream terra cotta . . . 

4-8 

Flags and Signs 

5-25 

Select gray limestone. . . 

5-10 

Beaches and Swimming 


Indiana or Bedford stone. 

5-10 

Pools 

3-6 

Buff limestone 

(i-12 

Golf Greens 

2-6 

Buff artificial sfone 

6-12 

Stadia 

4 8 

Standard gray limoslone. 

6 12 

Smooth buff face brick 

6-12 

Pageants. .. . 

10-20 

Brief Hill sandstone 

Smooth gray brick 

Gray limestone . . . 

Common tan bric.k 

Dark field gray brick (rough 
finish ) 

8 16 
8-16 
8-16 

10-22 

14-28 

Playgrounds 

1-5 


* Deprccial ion in sorvici' may usually be (iilv(‘n as of the order of one-third. 


NotB]. — Buildings eoinposod of common red brick or browns tone should not 
be floodlighted unless tlaue is a large amount of light trim. 

When color is cmiiloycd, lower foot-eandlc values (but greater watt ages) will 
often be effective. 

The beams of light from projectors of the contours illustrated in Fig. 
128 are conical in form, illumimiting a eirtuilar area on a surface per- 
pendicular to their axes, or jin elliptical area when incitlent. at an angle. 
The dimensions of th(‘se ellipse's resulting for a given distant'o, angle of 
incidence, and beam divergi'iice, are included in tables supplied by the 
manufacturers. The illuitiinated area may be (*xt.c‘nded in one direction 
by the use of cover glasses that, are ribbed or flutt'd. 

The desirable size and number of units are determined by the required 
illumination value, th(' k)catioii of the equipment and the degree of 
flexibility desired in varying the intensity and direction from point to 
point on the structure. Fniformity of illumination and avoidance of 
striations, or images of t.he filament projected l)y th(' specular reflectors, 
require the overlapping of the beams. At no point should there be light 
from fewer than two projectors. The larger lamps are, to be sure, 
somewhat more efficient than t hose of lower wattage and a larger number 
of units may increase tlie cost. However, the greater adaptability in 
directing the light to produce th(i best effects frequently makes it 
advantageous to employ a greater numlx'r of projectors of a size smaller 
than those which might be chosen merely frbm the standpoint of full 
surface coverage. 
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STREET LIGHTING 


[Ward IIaiirisonI 

Difference between Interior Lighting and Street Lighting. — The 

design of n street-lighting system, at the present time, has little 

in common with interior-lighting prac- 
tice. The intensities which here pre- 
vail are of a cle(‘idcdly lower order of 
magnitude; variations of illumination, 
on the street surface, in the ratio of 
100 to 1, arc the general rule; and 
even the types of lamps used and the 
methods of supplying them with en- 
ergy arc radi(;ally difTcrent from those 
used in interior lighting. The expla- 
nation of this situation lies in the fact 
that in street lighting the areas to be 
covered are vast and 1 he funds usually 
considered available for the purpose 
pitifully small. A single office space 
of 50 by 100 feet will freciuently be sup- 
plied with more lam})s and a greater 
wattage than 3 or 4 miles of principal 
thoroughfare in the sanu' city. 

For many years, then, the task of 
the stre(it-light iiig exj:)ert has bc^en 
princii)alh^ that of so distributing an 
insuffici(‘nt amount of light as to pro- 
duce the gr(\*it.(\st ))racticable effect. 
An exce])tion to this rule is found in 
the best business districts, where 
high-intensity, or “ white-way,'' light- 
ing is j)ro])erly considc^red as an ex- 
Fig. 129. Lantorn-typ. Unit, for for aclverlisiiiR to be met 

OrmunerH ill Light jiijr. \ i i i 

either by the city itscdl or by the local 
merchants. Ordinarily, however, this high-intensity system covers but 
a small fraction of the total street mileage of a citj^ 
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For ornamental systems, standards should usually be spaced from 
^65 to 100 feet apart, opposite each other on both sides of the street, 
and the light source should be at least 12 feet, preferably 15 feet or 
more, above the pavement. For this service, single-light standards, 
of whicih Fig. 125 is an example, are far inoni efficient than cluster 
lights, as well as more pleasing in appearance. Either high-candle- 
power magnetite arc lamps or tungsten lanijxs may be used. 

Requirements for Small Cities and Towns. — J^cTore street ligliting 
can be intelligently planncnl, it is necessary to have a clear idea of what 
is to be accomplished by it. While the genc^ral objects can be statcal 
in a few words, an analysis of these objc'cts soon h^ads to a rather (com- 
plicated situation which can l)e only briefly review^ed here. 

Stated in very general and popular terms, thtc reasons for lighting 
streets can bo summeed uj) as follows: 

1. In all classes of streets, the least that can be expected of the 
lighting is that it will enable a pc'rson to s(H' his way about at night. 

2. On some classes of slrcH'ts the production of an especially well- 
lighted effect, either on account of cong(‘st(Ml traffic or beccause of the 
ornamental and advertising featur(*s, is dc'sired in addition to the first 
object named. 

On a large majority of streets, lighting for jmrposes of st^eing is all 
that is d(\sired. hiVen on such strc'cts, however, tlien' will naturally 
be some difference in th(' sc'verity of thtc re(|uir(‘m(uits. The more 
traffi(c on a stret't the gn'ater is the a, mount of outlay justific^l for street 
lighting and th(' gn^ater is the necessity for safeguarding users of the 
stneet from collisions and attack. 

Much might be said of th(* things it is (‘S])ecia,lly necfcssary to s('e on 
a stre(ct at night in order to se(‘ oik^’s way about, but to nauition a few 
of the pi’incipal ones will suffice. I'\)r both ])(‘d(‘strians and drivers, 
irregularities and c^bstruections of tlie strend. surf;ic(‘ must be seen. 
Likewise, other persems using the street must be s(‘en, in ordeer to avoid 
collision. The value of stiwt lighting in preveiffhig criiiK^ is probably 
al)Oitt in proportion to the cjuaiitity of such ligliting. On some very 
badly lighted str(H*ts it is of little, value, whik^ on the most, brightly 
lighted downtown stnv'ts conditions as to criiiKc i^nmaition are virtually 
equivalent to daylight,. 

Teclinicallj^ the obj(cct of stnMct lighting is to produce a certain 
amount of briglitness on stn^et surfaces and u])on uscts of the street. 
In the daytime there is su(;h a su])erabun(lan(!e of light that the distri- 
bution of bright, ness on stnu't surfac(‘s and various objeids need not be 
analyzed very closely; but where the amount of artificial light must be 
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as meager as it is in a majority of streets in small cities, a much closer 
analysis is needed. 

Distinction between Incident Illumination and Surface Brightness. — 

The distinction bctw(‘en the illumination incident upon a surface (such 
as a pavement, sidewalk, tree, veliic^le or pc'rson) and the surface 
brightness of such objects must always b(' k(^))t in mind. It is l:)right- 
ness that is seen; in other words, it is brightness that produces the 
effect on the ey('. The illumination on a surface produces the bright- 
ness that is s(Mm, but it do(\s this only l)y virtu(‘ of the liglit reflected 
from the surface. ''I'liat is, th(‘ brightness is always proportional to the 
incident illumination minus the loss by abs()r])ti()n. Since the refltict- 
ing power of various surfac('s differs gr(\atly, their brightness under a 
given illumination differs in like proportion. 

Betw(Hm a v(U’y Tiew mac^-idain or con(*rete surface and black mud 
there may (easily l)e a difh'rencc' of ten to one in diffuse refl(H*ting power- 
To jirodiKHi (‘(pial briglitiu^ss, th(Tef(m% the illumination would have 
to be t-(m times as great on the black mud tis on the light macadam; 
and the unfort U7iat(‘ thing about this is that th(T(‘ is usually loss money 
available to illuminate the mud than to illuminale the macadam. By 
daylight, a consi(t(nal)le })()rtion of oner’s scM'ing is aceonpdished by 
virtue of the difhTent color and refl(‘cting ])ow('r of various surfaces, 
although differences in illumination, commonly known as light and 
shade effects, also have their influence. At night, with strc'et lighting, 
difforenc(*s in illumination from ^lillerent dir('cti(ms, (‘ausing light and 
shade, hav(' ii much gr(»atc'r (dfivt. 

Silhouette Effect. — The importance of these difference's was prob- 
ably not realizc'd until it was pointed out that a (misiderable portion 
of on('’s seeing on tlu' strec'ts at night is ac<‘omplish('(I by virtue of the 
silhoiK'tte eff('ct. That is, one s(‘es many u])rigJit objects, such as 
persons and automobiles, at a distance*, not so much by the light re- 
flee*teel from themi as l)y the light background against which they 
ai)})(^ar as silhoue'tte's. TJiis is ('specially true in large (‘itievs wlieire the 
background consists almost, entirely of paveuu'fit, sielewalks and build- 
ings, which are i)ett(’r reflectors and conscHpieuitly appear brighter thaji 
vediic'k^s and peu’sons in dark clothing. 

On dirt streets or wlu're oiling has renderc'd the pavement very 
dark in color, the ('Ih'ct is not so ])ronoune‘ed. However, ewen oiled 
streets, if so w(dl trrnTled by automobile's as to tala* on a kind of glint 
or polish, reflect considerable light by specular reflection as distinct 
from diffuse retk'ction. Spetailar reflection makes these oil-polished 
street surfac^es appear (juib' bright at c(a*t,ain anigk's. 

If the background is not brighter than the object, the only way to 
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make the object visible is to illuminate it to such a degree of brightness 
^that it is recognized by contrast with the darker background. Some- 
times the same object is seen partly by silhouette and partly by illu- 
mination upon it, as in the case where part of the object is seen against 
a bright background and part against a dark background. The bear- 
ing of these silhouette and illumination cffecits on the spacing and equip- 
ment of street lamps will be discusscid later. 

Road obstructions, such as stones and bi-icks, for example, may be seen 
either by illumination or silhouette, but arc usually recognized fully 
as much by the shadows they cast as by any rcflec'tion from their own 
surfaces. Holes and depressions in sidewalks and pavements are usually 
also recognized by shadows, cxc(q)t when close under a street lamp. 

Effect of Shadows. — Some elaborate experiments have been made 
to determine the merits of various spa(dngs and mounting heights for 
street lamps and of various types of light distribution from th(^ lamp. 
Considerable attention has been given to tests in which a number of 
observers were required to locate obstructions or targets pla(‘cd in the 
street, as they walked or drove along. The principal result of this in- 
vestigation has b('en to show that obstructions, su(‘h as stones in the 
street, can be better seen with lamps so s])ac(»d as to give' some shadows 
behind these obstru(‘tions than witii the lani})s ])laced at such frequent 
intervals and so e(pupi)ed as to produce a more uniform illumination 
with less pronounced shadows. In all of tliese e\])eriments, however, 
the lamp spacing was relatively short as com])aied with common prac- 
tice in smaller cities. As uniformity of illumination is high in first 
cost on account of th(^ large number of lamps and lani]) supj)orts re- 
quired per mile of street, lliere is no great dangc^r that stro^ets will be 
lighted too uniformly for best results in the smalk'r cities. 

Seeing by glint effect is a term used among engineers to apply 
to effecds obtained wlnm surfac('s are wet or when they are highly 
polished so that there is specular reflection from small portions of 
them. On rainy niglits, glint from the w(‘t sidewalks and pavements 
takes the place of the partially diffuse ndlection ordinarily received. 
Many images are then seen of the street lamp ndlectc'd from the wet 
pavement and pools of water. (IJint is also especially useful in loca- 
ting mud-puddles with the aid of rather distant street lam])S. 

In connecition with seeing by silhouette, the valu(‘ of this effect is in 
many cases greatly increased by the facit that there is just enough 
glint or specular refleedion from the paving or sidewalk for the illumina- 
tion at points midway betweem strecd lamj)s to produ(;e much greater 
brightness in the direction of the eye than if the whole of the street 
were a purely diffuse reflecting surface. 
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Referring to the diagram of Fig. 130, / is a street lamp 10 feet above 
the ground and g is the eye of an observer. What is the brightness 
of the street surface at points a and c to the observer? It will be 
assumed first that the street surface is a new, white, dusty macadam 
which approaches a diffuse reflector in its characteristics. Now, a 
diffuse reflector will appear equally bright from all directions, no matter 
from what direc^tion it is illuminated. (U)nsequeiitly, the brightness 
at various points along the street will always be directly proportional 
to the illumination. Thus, at point a, if the lamp is of 100 candle- 
power, the illumination will be 100 candlepower divided by 100 (the 
square of the distance), or 1 foot-candle. At point c, assuming that 
the lamp emits 100 candlepower in that direction also, and that the 
distance, /, to c is 100 feet, the illumination on the street surface at c 
will be, by the same process of figuring, 0.01 foot-(^andles multiplied 
by the cosine of the angle 2 , thus making the actual horizontal illumina- 
tion at c 0.01 foot-candles multiplied by 0.1, or 0.001 foot-candles. 
The illumination and brightness would, therefore, be in the ratio of 1 



Fig. 130. Strcet-siirfuce Brightness 

at the point a to 0.001 at the point c. Evidently, with an object be- 
tween the eye and point c as a background, there could be very little 
silhouette effect, while between the eye and point a there would be 
considerable. 

If, however, the street surface is glossed with oil or moisture, the 
character of reflection from it is entirely changed. Instead of appearing 
equally bright in all directions about any given illuminated spot, it will 
appear very much brighter when viewed from an angle equal to the 
angle of incident light. Consider the light which falls on point c from 
the lamp at / and is reflected to the eye at g. If angles d and e were 
equal, and if point c were a mirror, the brightness entering the eye from 
point c would be practically the brightness of the source of light at /. 
If the point c is a piece of glossy, oiled street surface, it will not behave 
exactly like a. mirror, nor will it act as a diffuse reflector, but its action 
will be intermediate between the two. It will 'appear very much 
brighter when viewed from a direction approximating eg than from other 
angles. The point a, on the other hand, will appear considerably less 
bright than if it were a diffuse reflector. This tends to counteract the 
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enormous difference in illumination falling upon these two points. 
^^The practical effect of this, as brought out in various tests, is that, even 
on an asphalt street which does not have the polish commonly produced 
by heavy automobile traffic, the brightness varies only in the ratio of 
2.7 to 1 with lamps 260 feet apart, while the horizontal illumination 
varies as 40 to 1. Here again it may be noted that the polishing of a 
street pavement by heavy traffics of any kind is more conducive to uni- 
formity of brightness, in spite of the non-uniformity of illumination, 
than are the conditions prevailing in the smaller edties. However, these 
points must be recognized in all classes of street-lighting problems. It 
should be remembered in considering the illumination and values cited 
in Fig. 126 that no allowance is made for any illumination that may be 
obtained on point c from another lamp placed at the back of the observer. 

Relative Values of Horizontal and Vertical Illumination. — There has 
always been considerable discussion in street-lighting circkis as to the 
relative value of vertical as compared with liorizontal illumination for 
street-lighting purposes. It is now generally recognized that both the 
horizontal illumination on the street surface and the vertical illumina- 
tion on vertical objects, such as pedestrians and vehicles, must be taken 
into account. The relative weight given to these two in making up a 
good street-lighting system will depend very much on the character of 
the street surface. The imi)ortance of the silhouette effect has already 
been enlarged upon. It is evident that, in producdrig the silhouette 
effect, illumination of the street surface is the important thing. How- 
ever, if the vstreet surface is so dark that it is difficult to get a well- 
illuminated background, one must fall back upon vertical illumination 
of objects. It is largely a waste of time to discuss the relative importance 
of vertical and horizontal illumination, ])ecause, with any prac;ticable 
mounting height of lamps, the illumination midway between lamps 
giving vertical illumination will be approximately a constant ratio to 
the horizontal illumination, and no amount of practicaible shifting of 
lamp height and spacing is likely to change this constant enough to 
have much practical bearing on the subject uiidc^r disciussion. 

Lamp Spacing. — It has been shown that variations in intensity of 
illumination falling on the street, surface, from points immediately 
under lamps to ix)ints midway between them, arc necessarily very large, 
even with the most skillful use of appliances for dircK^ting the light of 
the lamp in directions where it is most needed. However, with closer 
spacing and by figuring in the effect of neighboring lamps, these differ- 
ences arc rapidly reduced. For brightly lighted city streets, a variation 
of 10 to 1 between lamp% at points on the street surface is not likely to 
be noted. Where l^mps are as closely spaced as on business streets, 
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the question of improving the uniformity of illumination does not offer 
itself. This applies to the common present-day spacing of ornamental* 
systems, which is from 60 feet to 150 feet. With special care^ this 
distan(;e can be exceeded and still produce satisfactory uniformity, 
although the ornamental effect may not be what is desired. In out- 
lying streets, where first cost tempts the designer to space lamps at long 
intervals, the poorly illuminated spacers midway between the lamps 
come in for first (consideration. On such streets, chief interest centers 
on the points of minimum illumination between lamps. Anything 
and everything which will bring up this minimum between lamps is 
desirable if it can be obtained for a reasonable outlay. With a given 
lamp equipment, the illumination midway between lamps will fall off 
approximately inversely as the square of the distance. That is, doubling 
the distance between lamps reduces the minimum illumination to 
one-fourth. Add to this the fact that the longer the interval between 
lamps, the less is the amount of 1 nightly lighted background against 
which things can be seen by silhouette effect, and difficulties are further 
increased. Lamp spacings of 600 to 1000 feet, which in years past have 
been so common in smaller cities, are entirely inadequate and inefficient. 
Furthermore, under modern conditions they are unnecessary from the 
economy standpoint. 

Avoidance of Glare. — The avoidance of glare has long been recog- 
nized among experts as desirable in street-lighting practice, because it 
has been known that the existence of glare from lamps near the line of 
vision causes a decrease in the seeing ability of the eye — or, in other 
words, in the visibility of objeerts — so that, to all prac^tical intents and 
purposes, more light is recfuired on objects in order to see them clearly 
than if the source of glare were removed. Quantilative investigations 
have shown that there is considerable disturbanire of vision when a 
bright lamp is brought within 15 angular degrees of the (tenter line of 
vision. As the effect of glare increases rapidly as the lamp is brought 
nearer to the center liiu' of vision, especially within 6 to 8 degrees, there 
is considerable to be gained in efficiency of illumination, as measured 
from the ocular stand])oint, by hanging the lamp as high, and conse- 
quently as far out of the ordinary line of vision, as possible. While no 
very exact figures (am be given, it may be said in a general way that 
unnecessarily low hanging of lamps may oft(m be the equivalent of 
throwing away half of the light generated, because of the depressing 
effect on vision of objects which must be seen i)ast a bright street lamp. 
The use or non-use of a diffusing globe in a lapp apparently has very 
little effect on the glare, as the glare effect is dependent upon the candle- 
power. To be more exact, it depends, according to*the best information 
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obtainable, upon the square root of the candlepower of the lamp used, 
<*as emitted in the direction of the eye. The only feasible remedy for 
streeJt-lighting glare yet evolved is the increase in mounting height of 
the lamps, and this is well worth while, especially in the range from 10 
feet to 15 feet. If the glare effect be taken as 1 at a height of 32 feet, 
it becomes about 1.9 at a height of 22 feet, about 3 at a height of 16 
feet, 4.3 at 15 feet, and 8.4 at 12 feet. 

Interference with street lighting by shade trees is a very live subject 
in the majority of cities, and especially in the smaller (*ities and towns 
under consideration. While the majority of such towns have many 
shade trees, there is considerable difference in the proper method of 
treatment. In some streets the trees are very large and permit of 
trimming high to prevent interference with lighting. In other places 
the trees are of an age at which trimming high enough to prevent inter- 
ference with the lighting is out of the question. Where the trees are 
too small to admit of high trimming, (;cnter-lamp suspension will usually 
be necessary to pix^vent undue shadows. In such a street, no locations 
can be found, except in the center, whicdi will not involve considerable 
obstruction of the light by shade trees. On the other hand, where the 
trees are very large, so that they can be trimmed high to form a high 
arch over the street, the principal trouble with shadows is not from the 
boughs and leaves but from the large trunks, whi(4i stand in line along 
the parkway and thus form an effective ligiit barrwr for the sidewalk. 
On such streets the location of lamps in line with one of the rows of tree 
trunks permits the comidcte lighting of the roadway and of the sidewalk 
on the side on which the lamp is located, and causes light to shine 
through the row of trunks on the opposite side of the street at an angle 
sufficiently oblique to permit the location of the sidewalk always to be 
seen. In this way the area of the sidewalk in the shadow is reduced to 
a minimum. 

Importance of the Various Factors. — To sum up, the surfac^e of the 
street and the sidewalk must receive direc^t illumination, which, with the 
resulting shadows, will render irregularities visible. Direct light is also 
necessary in order to recognize the features of a passer-by, that is, to 
identify him as a friend or an enemy. Heavy shadows, on the other 
hand, such as those caused by very thick foliage and tree trunks, tend 
to reduce the efficiency of the illumination, particularly with respect to 
safety from attack. 

Silhouette effect is the greatest aid in discerning large objects on the 
road or on the sidewajk. Glint assists in increasing the apparent 
brilliancy of a specularly reflecting roadway and also reveals puddles on 
the sidewalk. On the other hand, glare from brilliant lamps tends to 
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reduce one\s ability to see, or, in other words, the effectiveness of illu- 
mination. • 

Analysis of Light Sources. — Because of space restrictions, ihg only 
illuminants which will be discussed in connection with street lighting 
are the gas-filled tungsten lamp and the luminous or magnetic arc 
lamp. The enclosed carbon arc lamp is now virtually a matter of 
history, and the flame carbon arc likewise. Magnetite lamps are avail- 
able in sizes ranging from 3(X) to 500 watts, aj)proximately 3000 to 9000 
lumens, and series inc^andcsccait lamps in all sizes from 600 to 10,000 
lumens. The (piestion of small units (ilosely spaced versus large units 
at greater intervals, is one on which there has been almost endless 
discussion. 

Table LVII shows the relative importance of the several factors from 
the standpoint of the pedestrian, the slow-moving vehicle and the 
rapidly moving veliicle. The same table also shows the comparative 
rating of systems of large and small lamps with respect to each of these 
criteria. 

It will be s(H'n that, from the standpoint of the pedestrian and the 
slow-moving vehicle, those qualities possessed in greatest degree by 
an installation of small units closely spaced are in most demand, while 
the reejuirements of the motorist are more nearly met by the use of 
powerful light sources at necessarily greater intervals. Residence 
streets are usunlly frecpieiited more by pedestrians, and the foliage is 
likely to be dense on these streets. Tliey should, therefore, be ecpiip)ped 
with lamps of small or medium candlepower (250 cp. or less at a spacing 
of not more than 250 feet and at a height of 15 to IS feet above the 
street). On the other hand, for principal thoroughfares, an average 
spacing distance of 250 to 300 feet shoidd be chosen, and the size of 
lamp should be the largest that the aj)propriation will cover, up to 
perhaps 1000 c.andl(q)Ower. 

Equipment. — The most effective type of reflecting equipment for 
either arc or incandescent lamps in street lighting, especially as regards 
the large portion of the city outside of the “ white-way district,' 
where (questions of economy and cfficiemy are paramount, has been 
the subject of much controversy. There arc today four types of re- 
flecting eciuipment in more or less common use for street lighting, and 
similar results as regards light distribution are obtained from these 
equipments, whether the arc or an incandescent lamp is used as the 
light source. These four types arc: 

1. The flat reflector without diffusing globe; 

2. The same with diffusing globe; 

3. The prismatic refractor enclosing or partially enclosing light source; 
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4. The prismatic refractor within a ^\obe of stippled or pebbled glass, 
^which produces a slight breaking up of parallel rays of light without 
greatly altering their direction. 

TARLE LVIl 

Important Factors in Street Illumination 
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The general trend of devolo])meiit in arc lamps has be‘en toward 
increasing the ndativi’ proportion of light flux eniitled in zoik's near 
the horizontal, and this trend was markedly .advanccHl upon the intro- 
duction of the magnetite lamp, in whi(*h the arc was held in a fixed 
position just below a widely distributing reflector. 11ie genca’al argu- 
ment of those favoring the use of ])rismatic refractors lias })een that 
such accessories make* it possible to direct- ev('ii a gj(‘at(T ])roportion of 
the light where it is most nee(led; by nu'ans of a refra-ctor the normal 
candlcpower of the lamp can be more than doubk'd an<l tJiiis tlie in- 
tensity can lie increasc’d midway between units, at wliiclj })oint the 
illumination is usually not more tlian to lO ])er c('nt of the average 
over tlie street surfaci'. At the same time the ijitrinsic brilliaiu^y of 
the refractor is considerably less than that of an (‘\posed arc, or lamp 
filament. 

On the other hand, the mon' conservative, who fa\ajr the use of the 
old opal-globe fixtures, contend that with tlu' r(‘fractor distribution, 
much of the light fails to reacli the road surface, and is, tla^refore, 
wasted; that the glare from such units siTiously interfiles with vision; 
that street intersections are inadequately lighted; and, furthermore, 
that with refractors there is not- sufficient light- on t-lie portion of the 
street surface in the imhuidiate vicinity of the lamp to insure that 
vehicles or pedestriapp on other parts of the roadway may be rendered 
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visible in silhouette against this brighter area. The opal globe is not 
open, in the same degree, to these objections. It is, however, deficient, 
in revealing smaller obstacles or irregularities in the road syrface 
throughout an extended region midway between lamps. In these 
darker stretches the pedestrian, as well as the driver of a vehicle, pro- 
ceeds with difficulty and with a feeling of insc'curity. 

A disadvantage of every form of street-lighting unit is that in the 
absence of most rigid inspection and maintenance the efficiency of the 
system becomes ra])idly impaired, owing to the collec.tion of dust and 
grime. 

Street-Lighting Systems. - In the past, street lamps have usually 
been op(n-ated from series (‘ircuits, the i)rincipal reasons being as follows: 

Firnty the arc lamp is inlierently a constant-current devic^e and gives 
its best operation and greatest efficiency on series rather than on mul- 
tiple', circuits. 

Second, the seiies circuit is the simf)lest and most (efficient method 
of su])p]ying ene'rgy to coinf)arativ('ly small units scattered over wide 
areas. In many cases cl(*ctric street lighting ante'date'd the general use 
of electricity in residenices l)y a considerable period. 

Third, a sey)arate systcan of distributioii has furnisluHl the only 
satisfactory m(*aiis of automatically lighting and extinguishing street 
lamps from the central station. 

At the present tim(', when multiple incandescent lami)s are available 
at a very high etlicicaicy, and wlnai a mullipl(' systcan of distribution 
is found in almost (*very locality, there is but one valid reason for the 
duplication of a distribution systcan and that is the convenience of 
turning lam))s on and off. If some form of remot('-control switch for 
individual lamps were available and could be utiliz(‘d simjdy and inex- 
pensively, the legitimate' tie'ld of the series circuit would be closely 
limit('d. Meanwhile, e'vt'ry effort is being ])ut forth to simplify and re- 
duce the amount of api)aratus reepiired for such cinaiits. Several 
attempts, with varying sue*cess, have beam maele to ediminate the 
moviTig-e*e)il tyi)e e)f transfen’mea’ e)r regulate)r, but as yet no sue*h system 
lias re'cciveel the' full ajiproval of the' manufacturers of the lamps with 
which it must be use'el. A picfe'rable plan is that of constructing the 
me)ving-coil transfenmer in suedi a manner that it can b(' mountcel out- 
siele on a ])ole at any cemve'iiient location, connee-teel to the 2200-volt 
])ovver mains, and ojicrateel by a time or reme)te'-e*ontre)l swit.e'h. Often 
it is convenient to utilize suedi transfornie'rs fen* the exte'nsie)n of street- 
lighting service anel to cemneeff elirectly in serie's with lamps of the 
nearest street-lighting e'ircuit the remiot ('-control switehi's which oper- 
ate them. Suedi a idaii is esjH'cially advant age'ous.in e'xteiieled systems, 
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as it often avoids the use of several miles of wire, which would other- 
wise be required between the nearest lamp of the new circuit and the 
sub-s^tion. 
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CHAPTER XIV 


LIGHT PROJECTION 

[H. H. Magdsick] 

General Principles 

Light projection, as the term is commonly employed, covers the 
redirection of light flux from artificial sources by means of suitable 
optical systems, so that it may be utilized within solid angles which are 
small as compared with those encountered in equipment for general 
illumination purposes. It was in connection with such applications in 
a few restricted fields that .some of the more important principles of 
optics and illuminating engineering were long Jigo developed and 
applied. During recent years these applications have multiplied 
rapidly, occupjnng the attention of many illuminating engineers and 
leading to commercialization on a large scale. Projected light enters 
into the life of today at every turn. It makes possible the viewing of 
motion pictures; it enables us to drive at night in safety and comfort; 
it helps the night flier on his course, and allows him to land safely; 
it guides the mariner; and it regulates railroad and motor vehicle traffic 
by day and night. It continues as for many years past to facilitate 
both offensive and defensive military operations. 

Two general classes of apparatus arc used to direct the flux from a 
source into the de.sired small angle: Opaque reflector systems, con- 
trolling the light by the principle of specular reflection; and lens sys- 
tems, depending upon the refractive properties of glass. Frequently, 
the two forms of control are combined in the same device 

Lenses. — In Fig. 131, A, is illustrated the action of a simple con- 
vex lens. A light ray emerging from the focus, F, is refracted in passing 
through the lens so as to be projected parallel with the axis, while from 
an actual source, as shown, at the focus, a cone of light is projected with 
an angle of divergence, 26, depending upon the size of the source, the 
focal length of the lens, and the angle, a, at which it is emitted. The 
greatest angle of divergence is that of the cone issuing at the axis of the 
lens. These statements apply to lenses intercepting the flux in a rela- 
tively small solid angle. As the diameter of a lens increases relative 
to the focal length, the thickness, and hence, the absorption, increase 
rapidly and the control of the emerging raj's is limited by the increasing 
spherical and chromatic aberration. 

433 ’ 
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To reduce these elements of inefficiency, Fresnel, about one hun- 
dred years ago, built a lens of concentric rings. Fig. 131, J5, in effect 
a largp convex lens with sections of the glass removed. He also added 



concentric prism rings to direct additional light, into the beam by total 
refle(^tion. Later, these' prisms w(Te given a curvc'd surface and re- 
fraction was (n)in))ined with rcflc'ction to produce the dc'sired results. 

It will be noted that the 
sections give rise to a 
series of dark rings when 
viewed within the beam, 
since the light striking 
the risers is deflected at 
a large angle from the 
axis. In Fresnel lenses 
of reasonable effective 
angle — the solid angle 
subtended by the lens at 
the focus — the contour 
of the surface may be so 
corre(5ted as to secure v('ry accurate control of light. They are fre- 
quently referred to as stepped, or corrugated, lenses. 

In recent years means have been developed for grinding non-spherical 
surfaces and aspheric lenses have become available wliich correct the 
aberration sufficiently to pennit a material increase in the effective 
angle of the convex lens. 

Kays emerging from a*source at the center of a sphere are reflected 
from the polished surf/ice as shown in Fig. 128, A. Used in this manner, 
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as an accessory to a lens on the other side of the source, the mirror 
increases the amount of light intercepted by the lens, provided the source 
is at least partially transparent. With the source placed on the axis 
of a spherical mirror at half the radius, rays are returned with only a 
small divergence from the parallel when the effective angle is not large. 
Mangin devised a spherical mirror of silvered glass with the radius of 
the inner surface less than that of the outer. Fig. 132, B. The var>nng 
degree of refraction introdiured by this concavo-convex lens is utilized 
to keep the divergence of the beam within narrow limits for effective 
angles up to 120 degrees. 

In concentrating light with an opaque reflector, th(^ highest degree of 
efficiency and accuracy is secaired with a parabolic contour, since all 
rays from the focus are reflected parallel with the axis no matter how 
large the effective angle is made. Tlui diverg('nc(' from a source, as in 
Fig. 133, A, is greatest at the axis and decr(\‘ises with increasing angles. 
Only within the angle of the cone showing the smalk'st divergence', that 
is, the cone emanating from the edge of the mirror, do('s the beam c-oii- 
tain light fn^m all parts of the surface, and hence only in this n'gion does 
the nieasured (;andlepower ob(*y the invers(' square law. Beyond this 
limiting cone, light is rec^t'ived from a decreasing zone of the reflector, 
until at the edge of the cone only 1h(' point at the axis is effective. 
Fig. 133, B, shows one combination of reflecting surfaces and lens among 
several that may be employed to me('t various r’equirements 

F'or some n'quirements 
an ellipsoidal refl(‘ctor 
becomes valuable since 
one may take advantage 
of the property that 
light rays emanating 
from one focus of such a 
reflector are redirected 
through the other focus. 

In all of the projection 
devices described above, 
a part of the beam re- 
ceives light from the en- 
tire surface. In some 
cases, this occurs at the axis only; in others, over a wider angle. The 
brightness of the surface is in every case the brightness of the source 
at the respective angle multiplied by the coefficient of reflection or 
transmission of the system. The intensity 6f the beam within this 
range is, therefore, the product of the brightness and the projected area 




Fig. 133. Light Projection with Opiiqut* Reflectors. 
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of the surface; variations in the focal length and the effective angle do 
not change the result. The multiplying factor of the system is then ap- 
proximately the ratio of the squares of the diameter of the mirror and 
the diameter of the source. Table II, page 38, giving the brightness 
of the various sources, indicates their relative values as far as the pro- 
duction of the maximum beam intensities is concerned. 

In most applications, a beam can advantageously be utilized with a 
divergence so great that the total amount of flux in the beam is of equal 
or greater importance than the central density. The effective angle of 
the system, the size of the source, and the focal length are important 
factors in determining the width of the beam, the total flux, and its 
distribution. 

Typical opaque projector systems direct from 30 to 70 per cent 
of the available light into the beam ; with lens systems, typical effective 



134. Parabolic Mirror and Point Source Pcain Characteristics. 


angles arc so small that only 5 to 20 per cent is transmitted, although 
these values are greatly exceeded in lenses used for lighthouses and some 
other special services. The cost of the respective types of apparatus 
for different sizes is, of course, often the determining factor in their 
adoption; in general, the cost of lenses increases more rapidly with 
larger sizes. 

There are four principal kinds of .surfaces employed in opaque pro- 
jectors: Mirrored glass, which reflects about 85 per cent of the incident 
light; silver plate, about 90 per cent; chromium plate, about 65 per 
cent; polished aluminum, about 62 per cent; and nickel plate with an 
efficiency of the order of 55 per cent. Most metal surfaces tarnish and 
require repolishing or replating from time to time. Chromium presents 
an exceedingly hard surt’ace and is resistant to tarnish and abrasion. 
Silvered metal deteriorates rapidly when air circulates over it, particu- 
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larly in a salt atmosphere and where fumes from stacks are present; 
but enclosed tightly, as in a motor car headlamp, it is highly serviceable. 

The absorption of light in lenses varies with the finish and the thick-’ 
ness of the glass and the form of the lens. About 5 per cent is l?)st at 
each surface which the rays must penetrate, if the incident angle is 
within 30 degrees of the normal. At larger angles the loss increases 
markedly. Within the glass itself the loss is from | to 1 1 per cent per 
centimeter, depending upon the character of the glass. With Fresnel 
lenses there is a further loss, so far as the beam is concerned, due to the 
rings produced in deflecting the light at the risers. 

The large proportion of the projection field served by the parabolic 
reflector makes a brief reference to Benford's analysis of its properties 
with different sources desirable. In Fig. 134 are shown the beam char- 
acteristics that are approached as the source approaches a point radiat- 
ing equally in all directions. The raj'^s are parallel and the apparent 
candlepower is, of course, different at each distance measured. The 
density of the flux at any radius is given by the formula: 



where m = coefficient of reflection of mirror, 

E = illumination on a plane normal to the beam, 

F = focal length of mirror in inches, 

Ri = radius in question, in inches, 

I = candlepower. 

The results are shown for three reflectors of equal diameter but of 
different focal length and effective angle. 

In Fig. 135 a similar analysis is made for a spherical source of 0.5 inch 
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diameter and a brilliancy of 1000 candles per square inch, 
the equation for the axial density of the beam l:>ecomes: 


E = 


4 irmlF^ 
slJ 


tan^ I a = 


irmBR^ 

~JT~ 


In this case 


where = area of light source, in square inchejs, 

B = brightness, in candles per square inch, 
a = angle from axis, measured about focus in degrees, 
R = radius of mirror, in inches, 

L = distance from focal point to point in beam, in feet. 


Hence 


Ik = irR^Bm, 


The intensity varies, for fixed focal length, with the square of the tangent 
of one-fourth the (*flVHf1iv(‘ angle; for fixed angle, as the square of the 
focal length. Also, the axial intensity is seen to depend upon the bright- 
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ness of the source but is not affecd.ed by its size; it is equal for all para- 
bolic mirrors having the saiiu* diameb'r. The same intensity will be 
directed at all angles within wdiich light is receivc'd from the entire 
surface of the reflector. This angular sj)read is determined by the size 
of the source and its angular radius viewed from the edge of the reflector. 
The intensity at other angU's is proportional to the area of the mirror 
contributing light. 

These characteristics of the beajn apply at distances beyond the 
point at which the rays from the extreme edge of the reflector cross the 
axis. This point of maximum density, from which the inverse square 
law takes effect, is found from the equation 



where r = radius of source in inches. 

« 
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For a disk source the characteristics are given in Fig. 136. Here, 
again, IB = R^Bm. 

With a disk source, a wider angular opening than 180 degrees is not* 
effective, since the projected area becomes zero at 90 degrees froln the 
axis. The effective diameter of reflector C is, therefore, reduced to 2 A. 
The distance from the focus at which the inverse square region begins 
is in this case 

° 12 r cos a 

LIGHT SIGNALS 
Searchlights 

Equipment. — Searchlighting equipments were developed principally 
in connection with the military service, more than sixty years ago. 
During all of the intervening period they have been used as an effective 
means of defense against night attack, for locating enemy vessels, air- 
craft, and fortifications, as well as for signaling purposes. Forty years 
ago, the first accurately ground parabolic mirrors became available, 
and these with the direct-current carbon arc have been the standard 
equipment. Few improvements in either the light source or the optical 
system were made until shortly before the World War, when the in- 
creasing range of torpedoes and the menace of aircraft led to rapid and 
radical developments. 

For navigation and general commercial service, equipments are made 
for both incandescent and arc lamps. Usually they are hand-controlled, 
with inside control of pilot house units, Fig. 137A. The arc equipments 
have the electrodes in a horizontal position with the positive tip at the 
focus of the mirror, inasmuch as most of the light is radiated from that 
surface. Military equipments designed for relatively fixed locations, 
such as aboard ship, or in coast fortifications, are of the general type 
indicated in Figs. 138 A and 7?, provided with automatic control and 
feeding me(;hanism. In some units an iris shutter serves to cut off the 
beam quickly or until full candlepower is obtained, for, once the arc is 
extinguished, considerable delay is encountered in reestablishing full 
intensity. For rapid signaling, Venetian blinds or louvres are also 
employed in front of the cover glass. For field operation, equipments 
are often mounted on railroad cars or on trucks with elevating towers. 

The demand for a more mobile type of searchlight during the World 
War, particularly for anti-aircraft operations, lf‘d to the development of 
a greatly simplified but powerful unit which can be transported on, and 
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supplied with energy from, a motor car. This 60-inch searchlight 
weighs only one-tenth as much as the former standard unit of that 




Fkj. 137/1. FifJ. 137R. 

A. 18" Searchli^Ft with Pilot ITouso Control. 

B. A Sunshine Producer for the Motion Picture Studios. 





Fig. 138A. Fig. 138B. 

A. 36" Continuous Rotation High Intensity Searchlight Beacon. 

B. 60" Coast Fortification Searchlight of Seven Hundred Million Candlepower. 
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size. Its cost is only one-third as great and it consists of only about 
one hundred parts as compared with several thousand for the old de- 
signs. It can be produced in one-fourth the time required for the ol(f 
models and is very much more rugged. Smaller sizes were of*corre- 



Fig. 139. 60" Open-type Mobile Searchlight and Power Plant for Field and Anti- 
aircraft Operations. The Searchlight is Transported on the Power Unit. 


spondingly light construction so that they could be carried by two or 
more men. 

Optical Characteristics. — Optically, searchlights consist of accu- 
rately polished parabolic minors, except in diameters of 18 inches or 
less, for which Mangin mirrors can be made more cheaply. The focal 
length of the mirrors is about 40 per cent of the diameter. The included 
angle is, therefore, about 120 or 130 degrees. Within this angle is 
included a large percentage of the light emitted by the arc; to increase 
the angle for a given diameter of mirror would result in decreasing the 
effectiveness of the beam, for in most applications of searchlighting the 
interest is only in maintaining a maximum mid-beam intensity. Any 
considerable divergence of the beam serves actually to interfere with 
vision of objects illuminated by the middle of the beam. The beam 
appears to the observer as a bright shaft of light which has the effect 
of producing a curtain between the observer and the illuminated object; 
if he stands several hundred feet to the side of the searchlight, he is able 
to discern targets at greater range. Remote-control equipment enables 
the operator, located at some other place than at the searchlight, to 
change the beam direction at will. This is of especial advantage in 
increasing the useful range, as well as from oth^r standpoints in military 
application. 
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Range. — Dimensions of the object, the color, form and nature of its 
surface, the degree of contrast with surroundings, the atmospheric 
transparency, the influence of telescope, glasses, or spectacles, and the 
physiological peculiarities of the observer’s eye, all have a bearing upon 
the range at which a beam is effective. These factors have been ana- 
lyzed by Blondel and others, and it has been found that the range 
increases even less rapidly than the fourth root of the intensity. To 
increase the range five-fold, under atmospheric conditions giving 70 
per cent transmission per kilometer, it is estimated that the intensity 
would have to be increased 42,000-fold for tyi)ical military work. 
Fast moving targets, such as aircraft and destroyers, further add to the 
beam requirements. 

Color. — The impression prevails that blue light is particularly de- 
sirable in the rays of a searchlighting beam, since the surfaces observed 
are often bluish-gray and because of the Purkinje effect. Whenever a 
preponderance of blue rays is reflected an advantage probably exists; 
but in the usual case it would seem to be detrimental, since the eye will 
not focus for the blue rays when the longer wave-lengths predominate, 
and vision is, therefore, impaired. More important is the scattering 
and absorption of the shorter wave lengths in fog, mist or smoke. 
It is the red and yellow rays that penetrate farthest. 

Arc Electrodes. — Prior to the late war, the positive electrodes for 
the carbon arcs used with fiO-inch mirrors were' about 2 inches in diam- 
eter. This resulted in a beam spread of about 2.5 degrees. The in- 
tensity of the beam from these searchlights was of the order of 30 to 40 
million candlepower. Through dev(4opments in the manufacture of 
the electrodes and in increase of ciirn nt dcuisily through nnluction in 
the diameter of both positive and n(‘gative electrodes, the beam inten- 
sity was very greatly increased. High current density and small crater 
size result in high intrinsic brilliancy and beam intensity. The effi- 
ciency is increased as the diameter of the negative electrode is decreased 
and the arc lengthened, with the accompanying r(‘duetion in the angle 
of shadow. The small nc'gative is also advantageous in steadying the 
arc. The high current density required in a small negative is accom- 
plished without spindling by providing this (dectrode with a copper 
coating. The diameter of the positive ek^ctrode was brought down to 

inches for an arc of 200 amperes. The result of these developments 
was an increase in the candlepower of this lamp in a GO-inch searchlight 
to about 125 million; at the same time equilibrium conditions were 
obtained more rapidly after starting, the arc made more steady, and 
the spread of the beam kept down to 1.5 degrees, thus greatly aiding 
vision. 
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Flame Arcs. — Shortly before the war, the high-current flame arc 
lamp for searchlight use was developed. This lamp has a high ary 
stream velocity and there is a high concentration of energy in tlje deep 
crater of the positive electrode, resulting in a superheating of the gases 
to an exceedingly high temperature with resultant brightness nearly 
four times that of the carbon arc. I'^his lamp is used with automatic 
feed for naval and coast defense apjdications; but for open-field, war 
conditions, the more simple and more rugged hand-operated lamp is 
utilized. With a 00-inch mirror the lamp gives a narrow beam with 
a candlepower of the order of more than a half billion. It is this lamp 
that is utilized in connection with the light, 60-inch, portable equipment 
previously reh^rred to, as w(‘ll as in a 3G-inch naval unit and a 30-inch 
open-type projector mounted on a tripod with a total weight of but 
250 pounds. 

Mirrors. — A feature of the modern portable type of searchlight is 
the metal mirror. This type has the advantages of lighter weight, far 
less expense, freedom from cracking with heat or shattering when struck 
by a bullet. A spun or pressed metal reflector could not be made with 
the necessary ac(!uracy, l)ut a simple means of turning out exceedingly 
accurate mirrors in aii}^ (juantity desired was developed during the war, 
through the deposition of silver on the convex side of a glass form for a 
glass mirror, the silvc'r being built up electrolytically and then plated 
with copper to a considerable* thickness, after which adhesive is applied 
to the copper and backed with a plastic coating with suitable reinforce- 
ment. The mirror is then removed from the glass form and is found to 
have an unexcelk'd degree* of })olish. Coating the surface with lacquer 
makes it possible to store the? mirror as long as desired. When the 
mirror is put into use*, how(*v(*r, the heat from the lamp soon evaporates 
this lacquer and the surface of tlu* mirror gradually tarnishes, giving the 
mirror but a short service life. One of the chief advantages of the metal 
mirrors is tlie fact that production of glass mirrorr. is very much limited 
because of the nature of the glass polishing and other processes involved, 
whereas any desin'd production of the metal mirrors can be built up 
very rapidly . 

Since the thickness of the* glass mirror results in some refraction of 
the beam, it has been found necessary to modify the contour of the 
convex surface slightly from that of a paraboloid to compensate for this 
refraction and keep the beam as narrow as possible. The accuracy of 
contour is tested by proj(*cting a small beam of light parallel to the 
axis of the mirror and passing it across the mirror to ascertain whether 
the reflected beam from all positions passes through the same point 
or focus. A further test to determine whetherAhe mirror is uniform 
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and free from irregularities is to photograph the reflection in the mirror 
pf a screen ruled with lines at right angles. A recent improvement in 
glass ipirrors is a wire mesh backing which maintains reasonable effect- 
iveness of the mirror even when struck by rifle bullets. 

Incandescent Lamps. — The filaments of incandescent lamps do not 
have a sufficiently high brightness to make their use feasible in search- 
lights for military purposes. For commercial and navigation purposes, 
however, they have a considerable field in conjunction with 18-inch, 
24-inch, and 30-inch parabolic mirrors. The candlepower values in the 
beam are not so high as can be obtained with carbon arcs in mirrors of 
these sizes. However, the units have the advantage of steadiness of 
beam and simplicity in operation, which in many situations are of 
greater importance. The light source is more concentrated in lamps 
of high current and low voltage, and, because of the greater brightness 
and small dimensions of the source, higher beam candlepower and 
narrower divergence result. For some commercial purposes the greater 
spread obtained with lamps of higher voltages is, howev(T, of advantage. 
Results obtained with incandescent searchlights arc indicated in Table 
LVIII. 


TABLE LVIII 

Data on Incandescent Seakchlights 


Nominal 

Mirror 

Diameter 

Lamp 1 

Beam Spread 

Candlepower 
Center of 

Beam 

18" 

1000-w., 11.5-v. 


1,650,000 

18" 

900-w., 32-v. 

sr 

4,000,000 

18" 

1200-w., 12-v. 

3r 

5,(XH),000 

30" 

1200-w., 12-v. 

2r 

15,000,000 


HEADLIGHTS 
Railway Headlighting 

Electric Cars. — On street cars for ordinary city service, the head- 
lamps need serve only as markers: For suburban and interurban 
runs, with higher speeds and dark roads, a higher intensity is required, 
both to serve as a warning at greater distances of the approach of a car 
or train, and to illuminate objects on the track at a sufficient distance 
to allow the car to be stopped before reaching them. Figure 140 
gives photometric data for several equipments for hcadlighting, typical 
of those used in this service. Since high-voltage direct current is avail- 
able, the magnetite arc has been found to be particularly useful in this 
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field where a high-intensity beam is wanted. The large amount of 
steadying resistance stabilizes the arc, and when the equipment includes^ 
a good lens, good control is secured, with the results shown in Fig.^l40B. 



Fig. 140A. Fig. 140^. 

A. Beam Candlepower of Typical Electric Street Railway Hoad Lamps. Para- 

bolic Reflector of li-in. Focus and 82-in. Diamoler. 

B. Beam Candlepower of Luminous Arc Iiitcrurban Head Lamps with 12-in. 

Semaphore Lens. 

Steam Locomotives. — The Interstate Commerce Commission has 
issued the following rules relative to locomotive headlighting : 

Each locomotive used in road service between sunsi^t and sunrise 
shall have a headlight which will afford sufficient illumination to enable 
a person in the cab, who possesses the usual visual capacity required of 
locomotive enginemen, to see in a clear atmosphere a dark object as 
large as a man of average size standing erect at a distance of at least 
800 feet and in front of such headlight; and such headlight must be 
maintained in good condition. 

Such headlight shall be provided with a device whereby the light 
from same may be diminished in yards, at stations, or when meeting 
trains. 

Each locomotive used in yard service between sunset and sunrise 
shall have two headlights, one located on the front of the locomotive 
and one on the rear, each of which will enable persons with normal 
vision, in the cab of the locomotive, under normal weather conditions, 
to see a dark object the size of a man for a distance of 300 feet or more; 
and such headlights must be maintained in good condition. 

These regulations could not be met with the oldpr oil-lamp equipments 
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and concentrated-filament electric incandescent lamps in paraboloidal 
^reflectors became standard, replacing also the arc lamps that had been 
employed on some roads where state laws imposed severe requirements. 
Energy is usually supplied from a turbine-driven generator on the 
locomotive. 

The reflectors are of silver-plated copper or of mirrored crystal or 
uranium glass. On switch locomotives a lOO-watt lamp is employed, 
but the 250-watt 32-volt is standard for those in road service. The 
beam candlepower from the latter in the 14- to 18-inch reflectors, usually 
employed, is of the order of one-half to three-fourths million. This is 
a considerably higher value than would be found necessary to meet the 
commission regulation stated above when the locomotive is not in 
motion. It docs not seem too much for the actual needs. A heavy 
fast express train cannot be stopped within the 8()0-foot distance, and 
since there is furthermore a time element in vision the engineer on a 
speeding train needs a higher illumination than the standing observer. 
Some allowance is likc'wise needed for dust, tarnishing of reflectors, and 
unfavorable atmospheric conditions. 

A slight fog has the curious effect of making a dark object in the 
beam more easily visible. The probable explanation is that the dark 
object is seen by virtue of the contrast between it and the somewhat 
brighter fog background. This brighter background is caused by the 
scattering of light by the partich's of water vapor in th(^ air. A dense 
fog, of course, presents a difTnailt problem. The scattering of light is 
so excessive that there is the effect of a while wall or curtain, which the 
eye of the engineer fails to pierce, just ahead of the locomotive. 

The glare of an unmodified headlight beam is very disturbing, not 
only in that it renders signals less noticea]>le to the driver of a train 
approaching from the opposite direction, but also in that it hinders 
the work of the tower man, who must read the classification number 
on the side of the headlight as the engine speeds past. Some attempts 
have been made to minimize this glare by the use of redirec;ting lenses, 
as in automobile headlight practice, but they have been unsuccessful 
because of the greater distance to which the light must be projected. 

Motor Vehicle Headlighting 

Motor vehicle lighting presents a number of limitations and problems 
not found in other lighting services. One of these has to do with the 
energy supply. In marked (‘ontrast with the close regulation which 
the extensive equipment of central stations provides, one finds on motor 
cars voltage extremes of as much as 25 per cent below normal on some 
cars to 40 per cent above normal on a few others. Thus, while the 
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majority of motorists enjoy good service, some obtain but a fraction of 
the light they should have and a few are troubled by repeated failure 
of the light sources. Each car carries a complete electrical system which 
must function whether or not the generator is in operation. A consider- 
able variation in voltage is inherent in a battery-generator system 
because of the difference between the charging and discharging voltages. 
The voltage at the lamp socket is further determined by the condition 
of the battery, its state of charge, the charging rate, temperature, and 
the electrical connections in both the battery and lamp circuits. 

The voltage range is minimized when the system is controlled by a 
voltage regulator. Such equipment is employed on motor coaches, 
where the lighting load is large as compared with the other electrical 
requirements. The standard system on other motor cars has been that 
of current regulation, adjustable by means of a third brush on the gen- 
erator. With the current-regulated system, a smaller generator suffices 
and the installation can be made at lower cost. On the other hand, the 
voltage range is materially increased, although with proper attention it 
can be kept within tolerable limits, well within the extremes indicated 
above. 

One factor of the greatest importance is the adjustment of the charg- 
ing rate to the requirements of the individual car. A car used for 
short runs, with frequent starting and considerable night parking or with 
a relatively large load of auxiliary devices inny require several times as 
much electrical energy as one which is used for long trips by day with 
little night parking. With tlu charging rate too high, the gassing point 
of the battery is soon reached, with accompanying excessive voltage. 
Excessive resistance is another factor causing extremely low or high 
voltages. High contact resistances in switches, sockets, or connectors, 
or inadequate wiring result in insufficient light, but a loose battery 
connection or other high resistance in the battery circuit causes the 
voltage of a current-regulated system to build up to an excessive value. 

Lighting Requirements. — For safe night motoring at ordinary speeds, 
the road and its boundaries must be lighted for 200 feet and more ahead 
of the car. In a conventional street lighting system this is accomplished 
with 1000-candlcpowcr lamps high above the road, out of the direct line 
of the driver ^s vision. But on the dark road the requirement must be 
met with the small electric plant on the car supplying a pair of lamps 
limited, in some states, to the 21-candlepower size, and mounted, not 
high overhead, but only about three feet above the road. Obviously, 
then, means must be found to intercept the light issuing from these 
lamps and to project it into a relatively small solid angle, distributing 
it so as to attain the maximum of visibility in the different areas that the 
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driver must see — a little light close by and to the sides to illuminate 
roadside and ditch and to assist in making sharp turns, and tens of ^ 
thousands of candlepower just below the level of the headlamps to 
reach well ahead and reveal obstructions, turns, crossroads, and dead- 
end streets. 

It is no simple matter to determine what constitutes the most desir- 
able distribution of light and the intensities required at the several 
angles, in order to avoid the hazards of insufficient illumination and at 
the same time to protect the opposing driver or pedestrian from really 
dangerous glare. This is because the conditions to be met are so widely 
different in their visual requirements and in their occurrence. The 
speed of the car, the character of the road surface and boundaries, the 
contour of the road — whether level and straight or hilly and winding, 
the condition of the atmosphere — rain or haze or fog, the amount of 
opposing traffic, the vision of the driver — his alertness and response, 
all greatly affect the lighting requirements, k^xtensive systematic 
studies must be made covering all these conditions with numerous 
observers and with facilities permitting not only a wide choice of beam 
characteristics but also exact control over a considerable range while 
the car is in motion. The car of Fig. 141 is equipped for such investi- 
gations. From studies of this character and from general experience, 
there were gradually evolved minimum specifications for good practice 
and legal requirement, as indicated in Fig. 142. • 



Fkj. 142. Chart of Pract ice in Hcadlighting in Terms of Limiting 
Candlepower Values in the Dinu^ticais Shown. 


Note. — For the corresponding points on the chart, tlie following limiting values 
are sponsored as a legal requirement by the Illuminat ing Kngineering Society and 
the Society of Automotive Thigirn'ers and are recognized in the* regulations of many 
of the states: C — 2400 cp. max., 800 ep. min.; D — 800 ej). max.; A — 6000 cp. 
max., 1800 cp. min.; B — 7200 cp. min.; 1* — 5000 cp. min.; Q — 2000 cp. min. 

In the specifications for the C and D points of Fig. 142, it is recognized 
that a not inconsiderable amount of light is needed above the horizontal 
to reveal pedestrians and projecting or overhanging obstructions before 
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one is upon them. A beam of even the lowest intensity against the 
dark background of night is appreciably glaring. One could eliminate 
all glare only by sacrificing illumination essential to safety. What is 
sou^t in the specification is to define tolerable limits of intensity; that 
is, to prevent dangerous blinding or undue interference with vision. 
It will be evident that the candlepower directly from the light source is 
negligible in comparison with these values, and that therefore features 



Fig. 143. The Points in Fig. 142 as the Driver Secs Them. 


of devices intended only to shield the observer from the direc^t ra3"s of 
the filament have little practical significance. 

Headlighting Regulation. — To promote the public, safety, the states 
enacted laws requiring, in general, that headlamps reveal objects at a 
certain distance and that no glaring rays be directed above the headlamp 
level. But it was not until these general provisions were interpreted 
by standard specifications changing with the progress of knowledge 
in this art and incorporated in the regulations issued by the executive 
departments, that substantial progress was made in the improvement 
of night motoring conditions. When included in the laws themselves, 
such specifications tend lo retard the art because they cannot so readily 
be kept abreast of development. 
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The specifications are for laboratory test of headlamps. In service 
there are a number of factors, such as voltage, cited above, and unavoid- 
able variations in manufacture of headlamps, which are beyond the 
control of the motorist but which greatly affect the lighting performance. 
The standard system of regulation in the United States and Canada has 
therefore come to take the form of two requirements: first, that only 
those devices may be sold or used which comply with the specifications 
in a laboratory test and with other provisions of the regulations; and 
second, that these must in service be properly focused and aimed. 

This American standard system was first developed on the basis that 
a fixed-beam of light could be so designed and operated in practice that it 
could be used at all times without causing undue interference with the 
vision of opposing drivers and still provide sufficient illumination of the 
road to make driving at ordinary speeds safe. The fallacy was in the 
premise that there was a substantially fixed relation between the road 
surface and the beam. Because the beam is lifted higher in going over 
a hill or an uneven road surface, and by the springing of the car itself, 
this assumption is far from a valid one. Balloon tires, soft springs, a 
material lowering of the driver’s scat, and the increasing number of cars 
on the road have greatly increased the frequency with which the driver’s 
eyes are subjected to dangerously intense light from other cars, even 
where the fixed-beam lamps are properly adjusted and aimed, with the 
result that in recent years there has been general recognition by the 
technical and official authorities and the car manufacturers of this 
country of the far greater safety provided by a dual system of head- 
lighting with a main beam of appropriate form and aimed for driving 
on the open road and an alternative lower beam depressed through an 
angle of 2 to 3 degrees foV use in passing other cars or driving on lighted 
stn'ets. The advantages of two different beams had been earlier recog- 
nized in p]uropean practice. Since with a dual system the requirements 
as to the form of the upper part of the beam and its aiming are no 
longf^r the same as though this one beam were to be used at all times, it 
is probable that conclusions as to the most desirable specification for 
the main beam will in the future be somewhat altered, recognizing also 
the demands of faster driving which could not be met with a fixed- 
beam limited as to glare. From the studies of recent years there is 
also gradually evolving agreement as to the desirable characteristics 
for the alternative or lower beam. 

The capacity of the electrical systems and the regulations of some 
states which have limited the candlepower of headlight lamps to a single 
value, have had no little effect on the design Of headlight equipment. 
With a light source of 32 candlepower or higher standard, it is feasible 
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to direct a sufficient amount of light along the road ahead and at the 
same time to provide more light to the sides near the car than designers 
have felt justified in so distributing from 21-candlepower lamps, thus 
making the lighting somewhat more convenient and agreeable, although 



Fig. 1444. Headlamp Properly Focused and Aimed. 



Fig. 144 fi. Beam from Headlamp Improperly Focused and Aimed. 

possibly not more safe. When there is ample light flux one may also 
employ a reflector of longer focal length, intercepting a smaller propor- 
tion of the light but reducing the effect of variations in the positioning of 
the light source to the point where no focusing adjustment need be 
provided. 

Long adherence to a •fixed-beam system was by no means the sole 
cause of all of the unsatisfactory hcadlighting encountered. Many 
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of this class of equipments would be acceptable to all concerned during 
a much greater part of the time if the headlamps were properly focused 
and aimed. With the product of recent years this focusing and aiming 
are readily accomplished, but most drivers are as hesitant to attempt 
this adjustment as others occasionally needed on the car. Provision 
for headlight adjustment is an essential part of any successful adminis- 
trative plan for improving headlighting. Where states have made 
regulations including provision for inspection of headlamps by author- 
ized service stations, statistics have shown a remarkable decrease in 
night accidents. On most of the streets of our cities, fixed beams 
properly aimed have been found to be much safer than dimmed head- 
lights. In fact, statistics have shown that on roads in general, insufli- 
cient road illumination is the cause of a much greater percentage of 
night accidents than is glare. 

Nevertheless glare remained a formidable hazard which could be 
successfully met only with a dual system of headlighting. The dual 
system has taken several forms: separate units incorporated in the main 
headlamp housing or separately mounted, reflectors tilted with levers 
or an electro-magnetic control, and incandescent lamps having two 
filaments in the same bulb with suitably coordinated reflectors and 
lenses. 

Headlamp Design. — In early headlamps a concentrated source was 
employed in connection with reflectors of paraboloidal form and plain 
cover glasses. It is obvious that the narrow cone of light from a unit 
of this kind would not cover the area indicated in the requirements of 
Fig. 142. If the size of the source were increased or if the lamp were 
moved out of focus to increase the spread, a large proportion of the light 
would be directed upward where it would not be useful but on the con- 
trary would produce glare through a wide angle. Such a beam could not 
be deflected downward so that all of it would be intercepted by the road 
without having the high-intensity central part directed so close to the 
car as to produce an excessively bright foreground interfering with the 
view of the road beyond. Frosted lamps or diffusing glass covers fail 
in the same respects. 

If vertical cylinders or flutes are formed in a cover glass or if the 
reflector is correspondingly ribbed or fluted to spread the light to the 
sides, the resulting beam from the concentrated source is found to be so 
shallow vertically as to place a band of light across the road instead of 
providing uniform illumination of its surface. With a larger source the 
light would be spread upward as much as downward, with the highest 
intensity still in the middle instead of near the top of the beam where 
it is needed for uniform road lighting. Practice has therefore tended 
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more and more toward the deepening of the l>eam by means of deflecting 
prisms in the cover glass or by configuration or modification of the 
’ reflector surface in a manner accurately to control the distribution of 
light throughout the beam. Figure 145 illustrates a typical beam pattern 



Fig. 145B. Depressed or Passing Beam. 


from modern equipment. It is entire!}^ feasible to obtain the required 
performance without adopting methods of light control that involve 
wasteful absorption. 

Since the beam of light is made up of images of the filament pro- 
jected from the various points on the reflector, it is helpful in design 
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work to keep clearly in mind the size of these images from the different 
parts and the direction and relative rate of their movement as the light 
source is displaced from the focus. They may be readily studied by 



A . Position of Holes in Paper. B. Light Source at Focus. 



C. Light Source Ahead of Focus. D. Light Source Behind Focus. 

Fir,. 146. 


covering a reflector opening with a paper disk and then punching holes 
through which the images are projected, as in F'ig. 146. 

One point that will, for example, become eviderft from such a study 
is that if the upper part of the beam is formed with the light coming 
from the regions A of F'ig. 147^ where the imaged have the least vertical 
movement as the source is displaced horizontally, and the light from 
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the upper and lower zones is deflected to form the lower part of the 
beam, the upper level of the beam will be maintained over a considerable 

horizontal range in filament positioning. 
Furthermore, the highest intensity will 
be kept near the top and the cut-off 
will remain sharp even when the light 
source is not exactly at the focus. The 
principal variations in the beam occur 
in the lower part where they are of rela- 
tively little consequence. 

Study of the effect of vertical dis- 
placement of the source discloses simi- 
larly that the vertical movement is then 
greater for the images from the central 
transverse zone than for those from the 
upper and lower parts of the reflector, and that the larger images again 
move faster than the smaller ones. 

Figure 148 illustrates how two filaments in one bulb may be utilized to 
obtain a difference in tilt between the respective beams. When the 
light source is below the focus of a parabolic reflector, the cross-section 
of the beam is extended upward to a greater elevation than that for a 
source at the focus or above it. The degree of tilt between the tops of 
the two beams depends upon the amount of the displacement of the 
lower filament. The depth of the lower beam varies as the other fila- 
ment is placed at the focus or above, but the tilt is not materially 
affected. 

However, since in the above arrangement the angle of tilt is sensitive 
to variations in the position of the lower filament, it is desirable to apply 
the analysis of the beam as discussed above to obtain a device which 
compensates for such variations. Thus, in Fig. 149 A , /^, C are illustrated 
devices having one filament at the focus and the other above. In an 
unmodified reflector the tops of the two beams would be at the same 
elevation. But since the upper part of the beam from the filament 
above focus comes from the upper and lower sections of the unmodified 
reflector, a tilt between the two beams may be obtained by changing the 
reflector contour or by using deflecting prisms, as indicated in Fig. 150, 
so as to form the top of the beam with light from the central transverse 
section. By utilizing these principles of design, the desirable form of 
beam with the high intensity near the top is maintained when small dis- 
placements of the light source occur from the design position. The beam 
is further given the needed depth and the desired angle of tilt is main- 
tained throughout the range of commercial variations in headlamp 
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Fig. 148A. Light Distribution in Beams from Paraliolie Reflector with a — Lamp 
Filaineni at Focus; 6 ~ Lanif) Filament Below Focus; c — Lamp Filament 
Above I'ocus; d — Lamp I'llament Farther Above Focais. 



Fi(3. 148/y Light Patterns on Vertical Surface from Beams of Above Figure, when 
Spread by Fluted Lens. With To]) of Beam at LeVel of Headlamps (b), a 
Depressed Bearn is Obtained by Switching to a Filament in Positions (a), (c) 
or (d) of Above Figuni. • 
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D 

Fig. 149. Typical Forms^ of Compensated Depressible-bcain Headlamps. Re- 
directing and CoTni)ensating Features Incorporated. 

^ in lens alone; — in lens and reflector; (' — in reflector alone. 
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C 

l^’iG . 149 . — Continued, 

inanufjictun’. This is IriH' ])('(*ause with the light from the upper and 
lower j)ai‘ts of Ihe I’eflc'ctor l)ent sufficiently downward, the full effect of 
the great('r angle of tilt between the beams from. th(^ central transverse 
zone is always maint ^iined. 

In designing headlamps, it is important- to consider the average per- 
formance that may be ('xpec^ted from regular production. If a con- 
figurated refk'ctor is employed, it should be so designed that the dies 



Fkj. 150. Ex(!(‘lleiit Light Distribution nnd Simplest Adjustment Result when the 
Reflector Surface' or Lens, or Both, are Modified for Filaments Placed as in 
(«) and ({/), Fig. J43. 


will have only such surfaces as can be accurately and consistently 
reproduced by the average toolmaker. Lenses made from molds so 
designed that they can be produced and kept polished with machine 
tools are ordinarily more accurate and more uniform than those which 
must be hand-made and polished. ^ 
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LIGHT SIGNALS 
Motor Car Stop Signals 

Electrically lighted automatic stop signals on motor cars are an 
example of the use of projected light for traffic control. The problem 
here is to provide a warning of a driver^s intention to stop, slow down, 
or turn, which will be visible through a considerable vertical and hori- 
zontal angle, which will attract attention in bright 
sunlight, but which, at the same time, will not be 
so glaring at night as to interfere with the vision 
of the driver behind. 

Attracting power is determined by brightness 
of the signal and by the dimensions of the illumi- 
nated design. The color of the light, usually red, 
is also a factor. Glare is determined largely by 
the total candlepowcr in a given direction. In 
Fig. 151 are shown the elements of a well-designed 
signal. If no refle(;tor were provided, the unit 
would have a dull, lifeless appearance, except for 
the sparkle over a small area in line with the 
lamp filament; but if the lamp is placed at the 
focus of a polished pariibolic surface, as in the 
illustration, images of the filament are, so to 
speak, laid side by side, and the entire surface of the unit is filled with 
brightness. 

The configuration of the lens surface serves to spread the light out 
through the necessary angle. If th^^ lens surface is filled with small 
pyramid-shaped prisms, as indicated in A of Fig. 152, the brightness is 
not directed to the entire field from which the signal must be viewed. 
But if the surface is covered either with raised bulls^ eyes or correspond- 
ing spherical indentations, as in B of Fig. 152, the field is completely 



trol in STOP Signal 
of Good Design. 



Fia. 152A. Beam Pattern from Lems with Prisms of Pyramid Shape. 
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Fig. 1527?. Beam Pattern from Lens with Small Bull’s Eye or Spherical 
Indentations. Desirable spread from each is about 40 degrees. 


covered. If the entire surface of a signal of the usual size were given 
the brightness requisite for attracting attention in sunlight, the total 
candlepower would be such as to cause annoying glare. The candle- 
power can, however, be limited without materially reducing the daytime 
value by opaquing part of the surface, as in Fig. 153. Brightness and 
maximum dimensions of the illuminated design are retained and the 
lighted border reduces irradiation and conse- 
quent blurring of the letters. The Automo- 
tive Lighting Association has r(M;ommcnded 
the following specifications as to light inten- 
sity and distribution; 

1 . On a line perpendicular to the center of 
the lamp face a minimum average brightness 
of two candles per square inch over a mini- 



mum illuminated area of three and one-half Fig. 153. Lons Face Opaqued 
sniiare inches 

AX n ' • X X 1 f XU* X 1 cular Border. An excellent 

2. At all points at an angle of thirty de- 
grees to the perpendicular through the center 
of the lamp face a minimum average bright- 
ness of fifteen-hundredths candles per square 

inch over a minimum illuminated area of three and one-half square 
inches. 

3. In no direction more than twenty-five apparent candlepower. 


design, pfTective by day; 
not glaring at night; blur- 
ring of letters nuniinized. 


Street TraflSc Signals 

Light signals arc employed for control of street traffic in several ways. 
They guide by marking the pathway; they call for'eaution at dangerous 
places; they illuminate boulevard or through-street traffic signs. Fig. 
154; and they direct when to stop and when tcfgo. In the latter appli- 
cation, light serves in the officer's place with great economy. 
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On country highways where a warning is required through only a 
limited angle, panels of prism glass, which flash up brightly at night by 
reflecting the bright beams of automobile head- 
lamps, add greatly to safety. 

A flashing-light beacon, Fig. 155, attracts atten- 
tion at dead-end streets, bad curves, and irregular 
(Tossings. The signal, usually G to 7 feet above 
the roadway, is equipped with amber lenses. 
On-and-ofT periods, each of about one-half sec- 
ond's duration, have been found effective. The 
verti(!al spread of the beam need not be more 
than 10 to 15 degrees. For dead-end streets 
and curves, a horizontal spread of 30 d(^grees is 
desirable. F or intersections and irregular cross- 
ings, a horizontal beam spread of about 90 de- 
grees is recjuired for each lens. 

The code that has become universal for “ Stop and Go " signals is a 
green light to indicate go ’’ and a red for stop.'^ In addition, an 
amb(T light is usually included to indicate a change, or it may be used 
for pedestrians' go " in all directions. The de- 
sign of the system involves signal location for 
convenient viewing, light distribution to give 
proper brightness at all angles from which the 
signal will be vi('wed, and control of the burning 
period for each color to give the maximum saf(^ 
traffic movement. 

Three locations are used for mounting the sig- 
nals: (1) on brackets at each far corner of an 
intersection; (2) suspend(*d at the center of the 
intersection; (3) on a post or tower at the center 
of the intersection. Pendant signals, usually sus- 
pended about 14 feet above the pavement, and 
post signals, with the units 8 to 10 feet above 
the road, have an advantage in installation cost. 

Bracket signals. Fig. 156, should usually })c 
mounted about 14 feet high and extend 4 to 8 
feet beyond the curb at the far corners. The 
total cost of installation for four-bracket signals 
at a corner is somewhat higher — about 15 to 20 per cent- -than that 
of a single pendant or post signal system. 

However, the bracket* installation always has an advantage in visi- 
bility, which is particularly marked when one of the intersecting streets 



Fkj. 155. A Flashinj];- 
light Warning Bea- 
con. An extra lamp 
is directed down to 
the base. 



Fig. 154. With one lamp 
the sign is illuminated 
and a warning beam di- 
rected down the road. 
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Fig. 156. Stop-and-Go Signal. A bracket 
signal oil (*ac*h corner usually forms the 
most effective installation. 


is narrow. It is adapted to all types of intersections and being close to 
the normal line of sight the signals are most easily seen by pedestrians 
and automobile drivers, with no obstruction by street cars. There is 
minimum confusion with commercial signs and other lights, aifd the 
units are most accessible for maintenance. Tdght is required through 
a smaller angle than for center mounting and maximum brightness of 
signal may therefore be obtained for a given wattage. 

An effective signal must compel attention and action by forcing itself 
instantly on the driver’s consciousness, for the driver of a moving 
vehicle has much to distract his 
attention. Attracting power is 
determined by brightness, which 
must be effective even against a 
bright sky, and by the size of 
the illuminated pattern. There 
must be a limit, on the other 
hand, to the total caiidlepower 
projected in any direction, since 
an excessive value would make 
the signal glare at night. The 

limitations in the case of a traffic signal well above the street surface 
are, however, far l(\ss severe than in the case of the stop signal on a 
motor car directly in line with the road which tbe driv(T behind must 
watch. 

In Fig. 157 the diagrams show the vertical and horizontal angles 
through which the signal must display the appropriate brightness. 
Greater intensities are required at the higher angles which serve the 
faster moving automobile driver; lower brightnesses suffice for pedes- 
trians, but they are required tlmough wider zones. An efficiently de- 
signed signal therefore directs different intensities in the several directions 
from which it is observed. Figure 158 shows the cross-section of beam 
which will effectively serve all but the widest intersections. If the 
values at the most intense part of the beam are made much greater 
than indicated, there will be annoying glare at night. 

A mirrored glass parabolic reflector and redirecting lens are employed 
in the most efficient signals. When a single lamp is employed in a four- 
way center-mounted unit surrounded b}^ four collecting and distributing 
lenses, the efficiency is materially lowered and there is the further dis- 
advantage that a lamp failure affects four signals. A redirecting lens 
should do more than spread laterally the cone of light coming from the 
reflector. From the beam characteristics for a bracket signal, indicated 
in Fig. 158, it is evident that more light should be directed to one side 
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than to the other and that spread should be greater for the lower than 
for the upper part of the beam. Thus, asymmetrical vertical flutes and 
'horizontal prisms, or diagonal prisms, are needed. 



Fig. 158. Minimum Candlcpowcr Values ' (Measured with Uncolored Lens) for 
Effective Bracket Traffic Signal. 


The amount and speed of traffic movement depends upon the skill 
with which the control of the signals is accomplished. If there are a 
number of signals on the •street, the timing of the signals must be suit- 
ably related. If they are operated in synclironism traffic moves for- 
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ward and stops in groups or waves. Faster progress results if the 
'' go periods at each intersection are timed so that when the head of 
a group of vehicles reaches it a green signal will allow the cars to proceed 
without stopping. • 

The determination of timing for a progressive system is a simple 
matter for movement in one direction. To permit groups of vehicles 
to move in both directions so that the “ go signal will show both ways 
at each intersection at the same time is a more complicated problem. 
It is most readily solved by a grapliical method, such as the chart shown 
in Fig. 160. Here horizontal distances are in minutes and the vertical 
distances between the lines of black marks are proportioned to the 



Fi(i. 159. Two Methods of Projecting Light in Four-way Signals. 

The one on the right is about 20 per cent more efficient. 

distances between intersections. Each row of black lines represents 
“ stop ” and go ” periods for a given inters(*cti()n. The length of the 
dashes corresponds to the “ stop period and the blank spaces between 
to the go period; these values may be different for each intersection 
and are based on a study of the relative thoroughfare and cross-street 
traffic at each. The total cycle of ‘‘ go ” and “ stop is the same for 
all intersections. 

Since progress depends upon distance traveled per unit of time, it is 
possible to draw a diagonal line across the chart which will indicate 
progress of the car between the several intersections at some specified 
speed. Two lines are so shown on the chart, one for traffic movement in 
each direction. Having determined the slope of the line corresponding 
to traffic movement at any specified rate, it is possible to move the slides 
so that a ‘‘ go ” period will intersect the line. • Since the length of the 
“ go spaces varies the ratios of cross-stnuit traffic, and intersections 
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Fig. 160 . Signal Timing Model to Facilitate Determination of the Best Timing 
of Signals in a Progressive System. 
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are spaced various distances apart, it is not possible to obtain perfect 
progression for all of the traffic; here the chart becomes of especial 
value in determining a timing schedule which will give the best settings 
for the different intersections. * 

The signals may be controlled for the desired timing from a central 
board or by separate mechanisms located at each intersection operated 
by interconnected synchronous motors. In each type separate con- 
tactor units are provided for each intersection. Dials permit the 
timing at each to be set independently. With the central control 
board the correct relative timing sequence can be readily set. With- 
out such central control it is necessary to make this setting by observing 
the next signal in operation. 

Railway Signals 

Optical System. — The lenses ordinarily used in railway signals are 
of the Fresnel type with the edges of the prismatic rings toward the 
light source; they are termed simple optical ” lenses in this service. 
Sometimes the edges of the prismatic rings are pointed outward; the 
lenses arc then termed inverted lenses and require a cover glass, but 
have the advantage that none of the light is deflected by the risers of 
the prisms. The usual diameter of the simple optical lens is 5f inches, 
and the focal distance 3^- inches. With the oil flame this lens gives 
a beam spread of some 15 feet in 100; with the usual electric lamp the 
spread is about 12 feet in 100. 

In anotlKT cflicient type of signal, the optical element is a glass mirror 
with spherical hack surface and an inside surface of such contours that 
the light is refracted to give the desired spread to the main beam and to 
introduce as w(dl a downward extension to give the signal greater effect- 
iveness when observed at short distances. 

Color is usually obtained by the use of colored lenses; sometimes, 
however, as in the case of semaphore ‘‘ spectacles,” a color screen is 
placed in front of a clear glass lens. Relative effective ranges for 
commercial colored lenses, as reported by the American Railway Signal 
Association, are; 

Yellow 1.0 to 1.5 

Green 2.5 to 3.0 

Red 3.0 to 3.5 

Clear . 8.0 to 12.0 

The range for a clear lens in a signal device of the u^ual type is estimated 
as from 8 to 1 2 miles. The visibility is decreased when the field sur- 
rounding the lens is slightly illuminated, as ifl a slight haze, or when 
other light sources are nearby. The candlepowcr required for satis- 
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factory signaling varies from a very low value for night service up to a 
high value when a positive indication is required in bright sunlight. 
* Some tests have indicated that it requires a minimum mean spherical 




Fig. 162. Three Types of Modern Htiilw'ay Sij^nals for Day aiui Ni^ht Indications. 


candlepower of 24 behind a standard signal lens to insure visibility at 
2000 feet with the sun on the horizon in the background. 

Light Sources. — Oil has been extensively used as an illuminant, 
especially in remote localities. A spcicial signal oil is used which does 
not freeze in cold weather and which has sufficient body to prevent 




APPROACH LIGHTING 


469 


flooding when used in swinging hand-lanterns. Lanterns of fixed 
signals are operated continuously, being cared for on a regular main- 
tenance schedule. The oil lamp has numerous disadvantages, how-* 
ever: its cost is high, especially in recent years since the price of oil has 
mounted; incrustation of the wick and deposit of soot on the inner 
surfaces of the lens cause the candlcpower to depreciate rapidly; and 
the lamp requires frequent attendance for maintenance. 

The incandescent electric lamp has been used for many years where 
electric power is readily available. Primary batteries of the copper- 
zinc, caustic-soda type are frequently used as a source of supply where 
power lines are not readily available. The incandescent lamp has 
marked advantages over oil as an illuminant, particularly in matters 
of cost, maintenance and brilliancy of source. 

The type of incandescent lamp used depends very largely upon the 
power available. Where direct-current lighting circuits are the only 
source at hand, the low- wattage lamp of the 11 5- volt class is generally 
employed. Where primary batteries furnish the energy, a low-voltage 
lamp is used on 4 or 6 cells of primary battery. If alternating-current 
power lines arc available along the right of way, transformers are em- 
ployed to supply low-voltage lamps. Where primary batteries are 
used, the cost of energy is extremely high, sometimes as great as $15 
per kilowatt-hour. Hence it is very desirable that lamps used for 
this servic^e be as efficient as practicable, to reduce operating costs. 

Reliability is undoubtedly the most important factor in railway signal 
lighting. The signal must under no consideration be out when it is 
supposed to be lighted. Not only is the cost of simply stopping a train 
a considerable item, but an accident might occur if the signal failed. 
With electric signal lighting it has, therefore, been customary to em- 
ploy two lamps, both operating continuously; sometimes a relay ar- 
rangement is used which will switch on the second lamp when the 
first burns out. A more recent development is the two-filament lamp 
which contains two similar filaments operating in parallel. The possi- 
bility that both will fail at the same time is remote. 

Approach Lighting. — Where electric energy is limited or costly, as 
with primary-battery systems, and on outlying divisions where trains 
are infrequent, the lamps are not always burned continuously. Relays 
have been developed which cause the lamp to be lighted only upon the 
approach of a train and extinguished after the train has passed. These 
are used principally in remote locations. 

In some cases valves are employed which turn off the signal when 
daylight radiation strikes it. These are used principally in switch 
signal lighting. 
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Phantom Indications. — Sunlight and light beams from such sources 
as automobile headlamps, nearby electric lights, or even the headlamp of 
' the approaching locomotive itself, sometimes enter the signal lens and, 
being reflected back, give the signal the appearance of being lighted. 
Such phantom indications have been a frequent source of trouble in 
some cases. Sometimes the apparent color is quite different from that 
of the signal lens. Placing a hood over the signal is effective in reducing 
this difficulty. A cover glass, so designed as to turn aside the light rays 
incident upon it from outside sources, is also used for this purpose. 

Position and Color Light Signals. — The older method of block sig- 
naling employed the familiar semaphore arm by day and a light by 
night. Movements of the semaphore arm covered the light with cor- 
responding color screens for night signaling. The modern method, 
however, is to utilize lamps for both day and night signals. Several 
lamps are generally used. In one type of signal the position of the 
lighted lamps gives the proper indication. Such a signal is entirely 
electrically controlled through relays and docs away with the necessity 
for the motor and dash-pot apparatus for moving the semaphore. 
Clear lenses are usually used in this type of signal. 

On some roads three lamps with colored lenses — one red, om^ green, 
one yellow — are used. Green indicates dear; yellow, slow; and red, 
stop. A broken lens gives a whit(' signal which indicates slop. The 
normal daylight range of such a signal is soiiu* 3000 feet; and under the 
worst conditions, when opposed to direct sunlight, the range is not 
less than 2000 feet. In a snowstorm, for example, such a signal shows 
two or three times as far as semaphore arms. 

These higher-intensity signals are being adopted in increasing numbers. 

Crossing Signals. — For the protection of vehicular traffic at highway 
crossings, it is becoming common pracdlce to add a compelling, swinging, 
red light to the signs and road markings of the past. The requirements 
as to intensity and light distribution are not here as severe as in the case 
of “ stop and go signals for city street traffic. Sources of 10 to 18 
watts are employed behind railway signal lenses having vertical flutes 
to spread the light over a greater lateral angle. In one type of signal 
a single light unit on an arm is lighted and mechanically swung on the 
approach of a train. In another type, two fixed sources are employed. 
On the approach of a train the eflect of a swinging light is obtained by 
switching from one to the other so as to obtain thirty flashes of each per 
minute. Energy is supplied variously from transformers with storage 
battery reserve, from storage battery trickle — charged from direct- 
current circuits or from alternating-current through a rectifier, or from 
alkaline primary batteries. 
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LIGHTHOUSES 
The Marine Traffic Guides 

I 

Lighthouses exist for the purpose of orientation. Rcliabilityf sim- 
plicity, and low cost of operation, rather than extremely high intensities, 
are the primary requisites in the majorit}^ of cases. 

Systems. — Lights are usually classified, according to their char- 
acteristic appearance, as fixed lights, the rays of which are concentrated 
into a belt of light distributed evenly around the horizon; flashing lights, 
the rays of which are concentrated into one or more pencils or cones of 
small angle, directed toward the horizon, and revolved about the light 
source as a center; and sector or range lights, in which the light is con- 
centrated into a cone of small angle, and maintained in one direction. 
It is of advantage to give each light a characteristic appearance, in order 
that it may be easily recognized by mariners and not confused with 
other lights or shore stations. Fixed lights, therefore, have been 
largely converted into occulting lights, which appear and disappear at 
characteristic intervals; one means of producing this effect is by a 
cylindrical screen, fitted over the light source and rapidly raised or 
lowered. 

Lenses. — Lens systems form the standard equipment, and their 
application in this field is notable for the large effective angles and hence 
the high efficiencies o]}tained. The careful correction of these lenses 
has led to a degree of control which is surprising in view of the extended 
sources of relatively low intrinsic brilliancy employed. The lens systems 
are divided into orders according to their focal length, ranging from 
150 mm. (5.0 inches) for the sixth order to 920 mm. (36.22 inches) for 
the first and 1330 mm. (52.36 inches) for the hyper-radial. 

For fixed or occulting beams giving a band of light continuous in a 
horizontal plane, the lenses are cylindical in form about a vertical 
axis (Fig. 163). The light issues as a belt of narrow vertical divergence; 
for a given light source this angle decreases and the beam intensity 
increases directly with the focal strength. The central part of a typical 
l(‘ns covers an angle at the source of nearly 60 degrees and contributes 
about 60 per cent of the light. This portion of the lens is dioptric, 
redirecting the light by refraction only. The upper and lower parts of 
the lens system are catadioptric, acting by both refraction and total 
reflection. The lower prisms cover about 20 degrees and furnish 10 
per cent of the beam; the upper nearly 50 degrees, and 30 per cent of the 
light. Frequently a dioptric belt of about 80 degrees effective angle is 
employed alone. ^ 

If lenses developed about a horizontal axis are used, both vertical and 
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Fig. 163. Fourth-order Six-panel 
Fixed Lens. 


Fig. 164. Fourth-order lianRe 
Lens, 



Fig. 165. First-order Double flashing Fig. 166. Fourth-order Four-panel 
Apparatus. Lens. 
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horizontal concentration are secured and a very intense narrow cone 
of light results, varying for a given source roughly as the square of the 
focal length of the lens. Such a hemispherical lens, Fig. 164, with a' 
spherical mirror on the opposite side of the source, gives a powerful 
beam in one fixed direction, as for range lighting. If rotated about the 
light source, it produces a flashing light. A great advantage of this 
flashing lens is the enormous increase in beam intensity realized. Two 
such lenses, Fig. 165, give high-intensity beams at a 90-degrce angle and 
are rotated about the source to produce high-powered flashing effects. 
Sometimes four-sided lens systems are used (Fig. 166). It is interest- 
ing to note that the larger lens systems arc often floated in mercury to 
facilitate turning. An example of this practice is in the light at Cape 
Race, Newfoundland, where a lens system weighing 7 tons is floated on 
some 950 pounds of merc^ury. A clockwork mechanism drives it at a 
definite speed of rotation. 

Types of Installation. — In general, the larger lens systems are found 
mounted on the large structures of the major coastal and harbor lights. 
Intermediate sizes are found on light ships which are maintained on 
important shoals and in places where fixed structures cannot be placed. 
There is a marked tendency toward the use of larger numbers of lighted 
buoys employing smaller lens systems instead of a few lighthouses of 
high intensity. They are used especially for channel markings and are 
equally applicable for marking shoals. Th(' cost of a light ship is many 
times that of a lighted buoy, but for some locations the ship is well 
justified because of the better provision that can be made for fog warn- 
ings, including characteristic* whistles, bells, and radio signals. Stationed 
off the coast they arc particularly valuable since the radio equipment 
safeguards navigation even when the lights are rendered ineffective by 
particularly dense fog. The smallest lens systems suffice for the lesser 
lights found in harbors, on pic^.r-hcads, in rivers, et cetera. 

Light Sources. — Illinninants for lighthouses have ranged from the 
early fires of c.oal or wood through candles, sperm oil, vegetable oils, and 
kerosene oil burned in both flat and multiple cylindrical wick lamps, 
incandescent mantles burning vaporized kerosene, Pintsch gas in small 
mantles, acetylene, and electric arc and incandescent lamps. 

The vaporized-kerosenc incandescent-mantle burners have a relatively 
high brilliancy and fairly small source. While requiring considerable 
attendance, they arc highly reliable. They are in use in a majority of 
major lighthouses today. Pintsch gas burned in small mantles is 
employed on some buoys, but on most of these acetylene flames furnish 
the light. The gas is supplied from cylinders carrying acetylene under 
pressure dissolved in acetone. A charge of gas serves for months with- 
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out any attendance. Acetylene lights are flashed by turning the main 
burner off and on by means of a highly developed mechanism which is 
' actuated by the gas pressure. On major buoys it is also found economi- 
cal t6 use '' sun valves utilizing the radiation of the sun to turn the 
main burner off. Kerosene wick burners are still employed in many of 
the minor lights. 

Electric lamps offer important advantages in simplicity of equipment, 
ease of control and supervision; the color of the light is also desirable. 
The brightness of the source is as much as ten times that of the incan- 
descent kerosene mantle burner. Consequently, with a source of small 
size, it is possible to obtain high intensity beams with much smaller lens 
systems than are required with the older illuminants. This fact will 
have an important bearing on future installations of major lights. The 
first electric installations made use of the electric arc, but these were 
later abandoned. Incandescent lamps in sizes from 400 to 1000 watts 
are now in use in some of the major coast lights, supplied in some cases 
from commercial circuits and in others from isolated electric plants. 
Emergency provision must always be made either in the electric supply 
or through a reserve light source. Simple flashers similar to those ap- 
plied to electric signs turn the light off and on, according to the charac- 
teristics of the particular station. Since the source is somewhat smaller 
than that for which existing lenses were designed, it is sometimes found 
desirable in the largest ones to use a mirrored reflector below the lamp 
to reflect the light properly to the upper catadioptric rings of the lens. 
Incandescent electric lamps have l>ecome the standard for light vessels. 
Where commercial electric service is available, they arc also employed 
in minor lights. In recent years very small electric lamps have been 
installed in river beacons. The energy is supplied by primary cells. 
The consumption is small because the lights are made to flash so that 
they are operating for a small fraction of the time. Hence the cells are 
used as long as a year without renewal. 

Candlepower and Range. — Typical beam intensities vary from a few 
hundred candlepower from the small electric equipments just described, 
and from the acetylene buoys, to thousands and tens of thousands of 
candlepower from the equipments on light ships, and hundreds of 
thousands of candlepower from many of the major lights. 

The distance at which a light is visible at sea is limited by the eclipsing 
of the light by the curvature of the tiarth; the intensity and color of the 
source are also factors. As the density of air varies with elevation, the 
rays of light suffer successive refraction and consequently travel curved 
paths, concave downward. This has the effect of making the light 
visible for a greater distance than a tangent drawn to the earth^s surface 
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would indicate (Fig. 167). If the eye of the observer is at a distance of 
h from the water level, the approximate maximum distance at which ^ 
he can see the light may be obtained from the formula: • 

Distance = 

where R is the radius of the earth, and H is the height of the light above 
the water. There will be some variation, dependent upon atmospheric 


Lieht 



conditions. In setting up a light to be used for landfall purposes (where 
the mariner uses it to estimate his distance offshore at the time that it 
is first sighted) it is, of course, necessary to use a light of sufficient 
candlepower to be visible at least the distance of the geographical range. 

Because of the great distance of an observer from the light, questions 
of visibility here pertain to a point source, that is, one subtending an 
angle less than the limit for the resolving power of the eye. It has been 
found that the visibility of a point source is proportional to the candle- 
power and inversely proportional to the square of, the distance, and that 
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visibility is independent of brightness for sources subtending an arc of 
less than 2 minutes. Other investigations have shown values for the 
rangQ of lights of different colors only slightly less than the following, 
reported by the German Lighthouse Board of Hamburg as a result of 
their tests in 1894; 

R = 1.53 Vi for white light in clear weather, where R represents the 
range in miles and 1 the candlepower. 

R = 1.09 V/ for white light in rainy weather. 

R = 1.63 for green light in clear weather. 

Under ordinary atmospheric conditions, relatively low intensities 
suffice for visibility at the geographical limit. In stormy and foggy 
weather, however, when a light is most needed, considerably higher 
intensities are required for the light to be effective. Furthermore, the 
increase of visible range through heavy fog becomes very gradual as 
the candlepower is increased. Hence, intensities up to a million candle- 
power and more are found at important lights. In many installations 
the duration of the flash is 0.1 second or even less. This is probably 
shorter than the time reeiuired at low illuminations to prodiKje the same 
sensation as a steady beam of the same intensity. The results produced 
by different durations of flash and intervening periods are only partially 
known; nevertheless, , for maximum utilization of a source at range 
limits, short flashes are required. 

Greens and blues are, in general, considered as unsuited for lighthouse 
service, because of the absorption by the color screens and the relatively 
poor transmission of these (colors through foggy atmospheres. The 
absorption of the red screens commonly used in lighthouse^ service is in 
the neighborhood of 60 per cent; green screens absorb some 75 per cent. 
The use of color, therefore, reduces the candlepower greatly. Water 
vapor (fog) scatters the shorter wave-lengths of light and tends to trans- 
mit only the reddish rays from the original light source. Therefore, 
the whiter light has the advantage that on foggy nights it will not be 
reddened as much and thus be confused with red beacons. 

Aircraft and Airway Lighting 

Air travel at night is dependent on light even more absolutely than is 
any other class of traffic. And it is only by extending the flight of the 
planes through the hours of darkness that air travel for long distances 
can be made substantially faster than rail transportation. It was in 
connection with the night air mail that standardized facilities were 
first developed and lopg air routes made safe for regular use after dark. 
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Light serves the pilot in several ways: Beacons (Fig. 168) indicate his 
route and mark the various terminal and emergency fields; other lamp^ 
define the boundaries of the field, mark high obstructions that surround 
it and reveal the hangars and the wind cone on the field itself; pro- 
jectors flood the landing area with brightness; running lights mark the 
wing tips of his plane, and headlights enable him to make forced landings. 



Fi(]. 108. A Kcvolvinp; 24" Searchlight Mounted on a Steel Tower. 

It has been found that by providing an emergency landing field about 
every 10 to miles along the route and placing on a tower at each one 
a 24-inch incandescent searchlight with the axis of the cone of light 
elevated slightly above the horizontal and revolved so as to give a 
distinctive flash, the pilot will be able to see one or more of the lights 
on his course at all times. In mountainous country, it is sometimes 
necessary to space the beacons closer. Smaller sources operating from 
primary cells or on acetylene gas have been placed at intervals of a 
few miles over such routes. 
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At a few terminal stations 36-inch high-efficiency arc searchlights have 
been operated as rotating beacons. These are particularly useful in 
helping landing field from the lights of a large 

city. The beacons may be recognized at distances of as much as 100 
miles or more. Color is another factor that may be employed to help 
to identify the field amid surrounding lights. Light of the longer 
wave lengths is probably most desirable, partly because it may be ob- 
tained efficiently, but principally because the shorter wave lengths 
suffer greater scattering and absorption in fog and other adverse at- 
mospheric conditions. 

As the pilot comes down to a field, a familiar structure., like the 
hangars, is a great aid in helping him to estimate his distance from the 
ground. Hence the importance of lighting these structures in such a 
way that their entire elevations will be readily seen. To aid him further 
in making a safe landing, it is necessary that the large landing area be 
flooded with light from the sides of the field in a manner such that glaring 
rays will not be directed into the pilot^s eyes. This means that pro- 
jectors of narrow vertical angle must be cmplo.yed and that the beams 
must be of very high intensity to reach out over the long distances in- 
volved. One type of equipment applicable is a lens system similar to 
that employed in lighthouses. Figure 169 shows such a unit, which may 
be employed either with high-intensity arc lamps or incandescent sources 
of high wattage. A sufficient area for landing may be lighted with a 
single one of these larger units, but when the pilot finds it necessary to 
land facing the light he must be protected from the glare just above the 
ground level by means of a shudd which is placed by the attendant so 
as to cast a shadow on the plane. Searchlight reflectors with covers of 
vertical cylinders to spread out the light arc similarly employed for 
lighting the landing stage. With both the lens and reflector equipments, 
greater convenience and safety are attained when two or more equipments 
are located on different sides of the field so that that unit may be lighted, 
depending on the diretjtion of the wind, which will make it unnecessary 
to face the beam. Another method of lighting th(' landing area is to 
place a row of smaller projectors, either lens or reflector units, on two 
sides of the field. Experience in this new field has of course been limited 
and the future will doubtless bring many refinements in equipment and 
operating practice. 

The emergenc}^ landing lights on the plane itself must be made as 
compact as possible and given such stream lines that they will offer the 
least possible air resistance. Units of J 0-inch diameter have been used 
on mail planes with low- voltage lamps of 120 watts and larger, supplied 
from a battery and generator driven either by the engine or by an air 
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motor. Two lamps are used mounted on opposite wing tips; one has a 
narrow beam aimed straight ahead to light the ground from distances of 
as much as 1200 to 1500 feet; the other is tilted slightly downward and 
the light is spread through an angle of about 30 degrees to illuminate 



Fkj. 109 Airiiort Floodlight. 

the ground fairly close to the plane after the pilot has leveled off to 
make his landing. 


Military Signaling 

Military searchlight projectors have been used to transmit signals 
at night for more than 50 miles, by training the beam on a cloud. They 
are also used in the navy for day signaling over ccfnsiderable distances, 
and have the advantage that the narrow beam precludes observation by 
other vessels, even though only a few degrees Removed. 

Several small incandescent lamps, mounted in the ring focus of a 
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cylindrical Fresnel lens, are used with a Morse key for night signaling in 
the navy at moderate distances, superseding the Ardois and other devices. 

During the war, the land forces made extensive use of low-candle- 
power metal-filament lamps equipped with paraboloid reflectors. 
Morse signals are reported to have been read at 11 miles, at the rate of 
17 words per minute, with this apparatus. Fig. 170 illustrates a 150- 
watt signaling projector employed on British aircraft. The properties 



Fig. 170. Signaling Projector for Aircraft. 

of the spherical and parabolic mirrors, as well as those of the dioptric 
lens, are utilized. 

A novel device developed during the war utilized invisible radiation 
in a narrow region of the spectrum just beyond the violet (0.40 to 
0.35/u). A Marigin mirror reflects sufficiently well in this region to 
permit the use of an ordinary headlight lamp. A special glass filter, 
to cut off visible radiation, was designed, and an extensive investigation 
led to the use of a barium-platinum-cyanide fluorescent receiving screen, 
which fluoresces with a considerable intensity even under weak stimuli. 
One of the great advantages of this system is the fact that glass is quite 
transparent to radiation in this part of the spectrum and hence the 
receiving screen can be used on occasion with an ordinary prism field 
glass. In practice, two telescopes are fixed side by side; one for send- 
ing, containing duplicate lamps, filter, eye-piece and transmitting lens; 
the other for receiving, containing a condensing lens with the fluorescent 
screen at its focus, and an eye-piece. The beam received appears in the 
eye-piece as a little green moon which blinks its signals. The signal is, 
of course, invisible except to those provided with the proper receiving 
apparatus. 

MOTION PICTURE AND SLIDE PROJECTION 

The projection of transparencies, either lantern slides or motion 
picture film, has become^a large factor in both education and recreation, 
as well as in commercial activities. 
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Principles of Projection. — Optically, apparatus for motion picture 
projection comprises essentially a light source and condensing lens, a 
photographic print on a transparent film, a projection objective lens, 
and a screen, supplemented by a rotary shutter, an aperture plate, and 



Fig. 171. Essential Optical Elements for Motion Picture Projection with 
Incandescent Lamps. 


in certain cases a mirrored reflector. These optical elements are shown 
in their respective positions in Fig. 171. A motion picture projector 
has, in addition, the mechanism for rapidly bringing successive pictures 
into position at the aperture and stopping them for a fraction of a 
second while they arc projected as enlargements on the screen. These 
follow each other so rapidly (usually at the rate of about sixteen to 
twenty per second) that the eyi* does not distinguish individual pictures, 
but apparently beholds the motion in the scene photographed. 



Fig. 172. The Projection Lens — Light reaching any part of the lens from 
a single point on the arrow is focused at only one point on the screen. 


Projection Lens. — In projection, the operation resulting in a de- 
fined image is known as focusing. The combination of glass elements 
used to accomplish focusing is known as a ^projection objective lens. 
Such a lens produces an image only in one plane, and its distance from 
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the lens depends upon the contour of the glass surfaces as well as upon 
the distance between the object and the lens. (See Fig. 172.) 

If an image is to appear as bright as possible, the screen on which it 
is shown must have a surface which reflects a maximum amount of the 
incident light in the direction of the observers. 

The area of the image on the screen in motion picture theatres is 
usually from 25,000 to 60,000 times that of the print on the film. More- 
over, the projection lens absorbs some of the light and nearly one-half 
of the remainder is absorbed by the rotating shutter, with the result 
that the quantity of light passing through a unit area of the film, even 
when all of it is directed to the objective, must be from 70,000 to 170,000 
times that received by each unit area of screen. 

Condensing Lens or Mirror. — It happens that there are no sources 
which of themselves direct more than a small percentage of their light 
into the small angle included by the projection lens. Moreover, the 
heat radiated and conducted from the source (Fig. 173) would unduly 



Fig. 173. Source Size Requirements — Source AB must be larger than the aperture 
to send light through a j)oint at the edge of the aperture and through the full 
opening of the objective lens. 

raise the temperature of the film and its guides. Here the refractive 
properties of glass in a lens called the condensing lens inay be employed 
to intercept the light emitted through a wider angle from a small source 
placed back from the aperture and to direct it through the film to the 
projection lens. By the proper design of the curvature of the faces of 
such a condensing lens, it can be made of relatively large diameter 
with respect to the source dimensions and thus become both a large 
apparent source and a means of utilizing a large amount of the total 
light flux. The diameter of the condensing lens for various distances 
from the film is determined by the requirement that, for uniform screen 
illumination, equal areas of the lens must be visible through the optical 
system from all points of the screen (Fig. 174). 

An ellipsoidal reflector^ is an alternative for the lens, both from the 
standpoint of light utilization and apparent source size. The source is 
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placed at one focus, with the other near the objective lens. One may 
also employ a parabolic reflector in conjunction with a relatively thin 
condensing lens. 

The converging beam from the condenser forms an image o? the 
source at the point where the rays cross; as this is also at or near the 
narrowest part of the bcana, the aperture should be placed at this 
point in order that the greatest amount of light may pass through it, for 
with sources employed in practice the cross-section of the converging 
beam from the condenser is, even at its narrowest part, usually equal 
to or greater than the area of the film. If the source is not of uniform 
brightness, the film placed at this position will not be evenly illuminated. 



Fig. 174. Condenser Size Requirements — For uniform screen illumination, the 
size of the condensing lens must be such that equal areas of uniformly bright 
light source are seen on looking back from any point on the screen. 

The aperture plate is a metal plate with an opening slightly smaller 
than a single picture of the film; it serves to limit the light beam to the 
single picture being projected. 

Film Movement. — With the intermittent mechanism commonly 
employed for moving the film, the picture is in movement from one- 
fourth to one-fifth of the time. When sixteen pictures are projected 
per second, this means that approximately one-hundredth of a second 
of movement is followed by five-hundredths of a second with the picture 
in place. If the light were allowed to reach the screen during the period 
of movement, flicker and blurring of the picture would result. Pro- 
vision is, therefore, made for cutting off this light by means of a rotary 
shutter. Interruption of the light only sixteen times per second would 
be apparent as flicker; the shutter must therefore have one or two addi- 
tional blades to increase the frequency of interruption to a point where 
it is no longer noticed. 

Properties of the Component Elements 

Light Source. — Since the film aperture and projection lens present 
openings of considerable area, there is no necessity for keeping the light 
source unduly small. The maximum size of source which can be em- 
ployed effectively with a given optical system is dependent on the 
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refracting powers of the condensing lens, the size of the aperture open- 
ing, the size of the projection lens, and the distance of the aperture from 
the condensing and projection lenses. A source of size ABj Fig. 175, 
projects a beam A'B' at the aperture, all of which passes through; the 
larger source CD will send a greater amount of light through the open- 
ing, but the source EF produces a beam E'F^ at the aperture so large 



is proportional to the size of the light source. 


that but a small part passes through and the remainder of the light is 
wasted. Circular or rectangular sources, having maximum dimensions 
as large as f inch, are commonly employed. 

Four light sources are used in motion picture projection in theatres 
and large auditoriums: the alternating-current carbon arc, the direct- 
current carbon arc, the high-intensity flame arc, and the incandescent 
lamp. 

Arc. — Of the arcs, the alternating-current lamp is the least efficient 
for projection work, since the light is emitted equally from two electrodes 



Fig. 176. High Intensity Piojector Arc with Mechjinism for Automatic Feeding 
and Rotation of the Positive Electrode. 
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Fig. 177. Modern Type of Mirror Arc with Parabolic Reflector and Plano-Convex 

Condensing Lens. 

but only one crater can be placed in effective relation to the optical 
system. With the direct-current carbon arc, most of the light is emitted 
from the positive electrode crater. In the older forms of equipment, 
the electrodes are usually tilted at an angle of about 25 degrees from the 
vertical so that a maximum aiiiount of the light may be intercepted by 

TABLE LIX 

Typical Projector Arc Lamps 


Type of Lamp 

I’ositivi* Klectro<l«‘ 

Negative Eleetrode 

Light Flux 
l*rojected to 
Screen — 
Luinena* 

Alternating Current 
60 arnperc^s 

J in. special a.c. 

4 in. special a.c. 

250-350 

Direct Current 

60-65 amperes 

1 in. cored 

FS in. metal coaled 

1000-1700 

70-^5 amperes 

J in. cored 

1 in. metal coated 

1100-1800 

Reflector Arc (d.c.) 
20-25 amperes 

12 mm. cored 

8 mm. 

1200-2,''>00 

High Intensity Arc 
(d.c.) 

75 amperes 

11 min. impregnated 

ii~i in. metal coated 
cored 

in. metal coated 

2400-3600 

100-120 amperes 

13.Gmm. impregnated 

3000-5000 

cored 



* Beam unobstructed by shutter. 

The indicated range of screen illumination values results from the differences 
in efficiency of the objective lenses of various diamete*s and focal lengths. The 
focal length is determined by the projection distance. 
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the condensing lens. In the modern mirror arcs, it is possible to align 
them horizontally. The electrodes of these later units are fed auto- 
matically, whereas in most of the older type of arc lamps this is done 
manually. In the high-intensity impregnated-electrode flame arc the 
positive electrode is horizontal and is slowly rotated by a small motor 
to maintain uniform burning. The automatic feeding mechanism 
operates from the same motor. 

Incandescent Lamp. — The source in an incandescent projector lamp 
is made up of segments of coiled tungsten wire. With lower voltage 



Fir;. 178. Four Typical Tneandoscent Projc'ctor T.(ami)s, namely, 900-watt. 30- 
ampere, 500-watt 115-v()lt, 2(K)-wutt 115-voll. coilcd-coil lilarneiit, and 200-watt 
50-volt. (The 500-watt iamj) is shown with the medium jirefocus base.) 

and higher amperage a greater wattage can be concentrated in a given 
area. Hence, for theatre projectors the 900-watt 30-arnpcre lamp, 
shown in Fig. 178, is employed. Vor the longer filaments of standard 
voltage, more particularly the thinner filaments of the lower wattages, 
a material advantage in concentration of the source is realized by 
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making a second coil of the coiled wire of the filament, as in the 200- 
watt 11 5- volt lamp of Fig. 178. Thus it becomes possible to use lamps 
of standard voltage in a large proportion of portable projectors. 

With incandescent lamps a spherical mirrored glass reflector is placed 
behind the lamp so that the filament is at about the center of curvature. 
The reflected light is thus brought to a focus in 
the plane of the filament as an inverted and 
reversed image. (See Fig. 179.) These images, 
intermeshed with the filament segments, pro- 
duce in effect a solid luminous rectangle of light 
giving a desirable evenness of screen illumina- 
tion and adding 65 to 75 per cent to the valiu's 
obtained without the mirror. 

For accurate placement of the lamp with ref- 
erence to the optical elements, the larger projec- 
tors are equipped with receptacles in which the 
lamp is aligned in a presettcr before insertion 
in the projector. Medium base lamps used in 
the smaller projectors an^ furnished prefocused 
on a special base which eliminates the necessity of lamp adjustment 
devices in the projector. 



Ftg. 179. The Reflected 
Image of h'ilarnciit Seg- 
ments Intermeshed with 
the (’’oils. 


TABLE LX 

Typical Incandescent PuojECToit Lamps 


Watts 

Volts 

Am- 

peres 

Hull) 

Scretnt 

Lumens* 

F.ij uipniont 

900 

28-32 

30 

T-20(2r') 

700-1300 
300 SOO 

Standard Theatre Motion Picture 
Scrni-Portable Motion Picture 

600 

28-32 

20 

T-20 

GOO-IOOO 

230-600 

Standard Theatre Motion Picture 
Semi-Portable Motion Picture 

1000 

115 


T-2() 

150-400 

Scrni-Portable Motion Picture 

500 

115 


T 20 

l(K)-300 

Portable Motion Picture 

300 

28-32 

10 

T-16 

100-300 

Portable Motion Picture 

200 

115 


T-IO 

150-200 

35 mm. Film Portable iVIotion 
Picture and Film Slide 





35-50 

16 mm. Film Portable Motion 
Piet lire 

200 

50 

4 

T-10 

25- 60 

16 mm. Film Portable Motion 
Picture 

50 

115 : 


T-S 

12-15 

16 rnm. Film Slide 


* Beam unobstructed by shutter or heat absorbing filters. 
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TABLE LXI 

The Field of Application for Light Sources Used in Projection 


Service 


Approximate Limita 

Type of Projector Illuminant Picture mu 

Width 


Motion 

Picture 

Theatre 


Standard Theatre 
Motion Picturo 


lligh-Intensity 
D.C. Arc 
20-25 amp, D.C. 
lie Hector Arc 
50-86 arnp. D.C. 
Ordinary Arc 
000-wull , 30-arnp. 

600- watt, 20-ainp. 
Incandcwccnt Lamps 


School and Chun-li 
Auditorium 
Large Lecture Tioom 
Largo Lodge Hall 


Educational 


Standard Theatre 
Motion Pictuie 


Semi-Portable 
Motion Picture 


Steroopticon 


Somi-Porta]>U* 
Motion Picture 


f 900-watt, 30-amp. 

< 600-watt, 20 amp. 

[ IncanduHcent Lamps 

( 900-watt, 30-amp. 
GOO-watt, 20 amp. 
lOtKVvintl, 11 5-volt 
Tncandescont Lamps 

( lOnO-watt, 1 15- volt 
I 50(Lwatt, 115- volt 
1 lncu.ridcscont Lamps 

900-watt, 30-amp. 

600- watt, 20-amp. 
1000-wa((, 115- volt 
Incandescent Tramps 


Home 


Business 


Traveling 

Exhibitor 


School 

Lecture Boom 
Cvlass IlfKUii 
Sunday School 
Small Lodge Uooin 


Portable M P. 
(Standard Film) 

Portable M.P 
(16-inm. Film) 


Stcrcopticon 
(Glass Slide) 


Stcreopticon 
(Film Slide) 

Projector for 
Opaque Objects 


{ Portable M.P. 
(lO-mni. Film) 

Combined 
Stereopticori and 
Opaque Projector 
Portable M.P. 
(Standard Film) 

Portable M P. 
(16-nim. Film) 

Advert, iHing 
Stereoptieon 
(Glass Slide) 
Advertising ' 
Stereopticori 
(Film Slide) 

Advertising M P, 

( Projector 


Soim- Port able 


500-wali, 11 5- volt 
J ncandescen t 1 ^am p 

(200- watt, 115- volt 
I 200-wutt, 50-\()ll 
I Incandescent Lamps 

f lOOO-watt, 11 5- volt 
I 500-walt, II 5- volt 
I 250-wutt, 1 15- volt 
[ Incandescent J.,umps 

200-watt, 11 5- volt 
lncuiidc.sccnt Lamp 

[ 1000-wutt, 115-volt 
j 500-^^ at t, 115-voll 
[ lTic.aiidcscent Lumps* 

r 200-watt, 115-volt 
j 2tK)-watt, 50-vmlt 
1 I iicandc.sceiil Lamps 

500- watt, 115-voIt 
Incandescent Lamp 

500-watt, 115-voll 
Incandescent Lump 

[200- watt, 11 5- volt 
j 2(M)-watt, 50- volt 
[ Incandescent Lamps 

f 1000-watt, 11 5- volt 
j 500- watt, 11 5- volt 
[ Incandescent Lumps 

200-w'att, 11 5- volt 
Incandescent Lump 

fl 000-watt, 1 15- volt 
500-watt. n5-voll 
[incandescent Lamps 

r 000- watt, 30-arap. 
j 600-watt, 20-amp 
300- watt, 10-uinp 
[ Incandescent Lamps 


16 feet 
and over 
14 feet 
and over 
18 feet 

120 feet 
and over 
100 feet 
and over 
150 feet 

16 feet 

14 feet 

120 feet 
100 feet 

16 feet 

14 feet 

120 feet 
100 feet 

10 feet 

8 feet 

8 feet 

80 feet 

70 feet 

60 feet 

14 foot 

12 feet 

100 feet 

75 feet 

10 feet 

8 feet 

8 feet 

80 feet 

70 feet 

60 feet 

8 feet 

50 feet 

4 feet 

4 feet 

20 foot 

26 foci 

14 feet 

12 f(‘et 

8 ft>et 

100 feet 

75 feet 

40 feet 

5 feet 

25 feet 


25 feet 

25 feet 

4 feet 

4 feet 

20 foot 

25 feet 

12 feet 

75 feet 

25 feet 

8 feet 

50 feet 

4 feet 

4 feet 

20 feet 

20 feet 

12 feet 

10 foot 

75 feet 

60 feet 

6 foot 

25 feet 

8 feet 

8 feet 

60 feet 

50 feet 

10 feet 

8 feet 

8 foot 

80 feet 

70 foot 

50 feet 


500- watt lamp suflicient when translucent screen is employed 
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Condensing Lens. — The larger the diameter of a condensing lens 
of a given refracting power, the more light it will pick up. But with 
increased diameter, the thickness also becomes greater, and very thick 
lenses have excessive spherical aberration. A moderate amouAt of 
spherical aberration is an advantage in that it produces a smaller beam 
at the aperture position, but if it is so marked that a considerable 
part of the light is directed outside the projection lens, the gain in 
light intercepted by the greater diameter is soon lost. 

With the ar(! lamps the 4-|-inch plano-convex combination, shown 
in Fig. 180, is most often employed. With the incandescent lamps 





Ficj. 180. Phino-convox (\)nd('n.siiig Fic. 181. As phoric Condensing 

Lens CoinbiiKit ion. IjCIis Combination. 

advaniago is usually taken of th(* greater efficiency of the aspheric 
combination of Fig. ISl - there is an advantage over the plano-convex 
of about 50 per ami — inasmuch as the lamp can bo placed close to the 
lens 1 between an arc and th(* lens a greater space must be left to 
prevent cracking from heat and to reduce the deposit of slag. For this 
reason the advantage in efficiency of the aspluaic lens becomes con- 
siderably less in an arc equipment. 

A modified l^resnel lens is sometimes employed in incandescent lamp 
projectors. It is more efficient than the plano-convex and has the 
further advantage that the light from each ring can be focused at a 
different distance from the condenser so that no well-defined image of 
the source appears and uniform illumination of the film is obtained 
even with some variation in the position of the source with respect to 
the optical elements. 
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A projection lens must be essentially free from chromatic aberration; 
but in the case of condensing lenses the projection of aberration colors 
* to tl^e screen can be avoided by intercepting the edge of the beam and 
using a lens of such design that a source of non-uniform brilliancy is not 
focused as an image at the aperture. 

Aperture. — The aperture for the standard 35-mm. film is a rectangu- 
lar opening 0.6795 inch high and 0.906 inch wide. A considerable 
number of portable projectors for the home, educational and business 
fields are now made for a smaller 16-mm. film, for which the aperture 
plate has an 0.29 inch by 0.39 inch opening. The aperture plate, across 
which the film moves, must for best efficiency be located where as much 
as possible of the converging beam from the condensing lens will pass 
through the opening and at the same time be uniformly distributed 
over this area. In practice a light beam larger in diameter than the 
diagonal of the aperture opening must, therefore, be used, since the light 
near the edge of the beam is of somewhat lower intensity and shows 
color due to chromatic aberration from the condensing lens; this part 
must, therefore, be intercepted. 

Projection Objective Lens. — The desired size of the objective lens 
depends on the size of the light source and the convergence of the beam 
from the condenser, which determines the spread of the rays passing 
through the aperture. This convergence is less with the plano-convex 
condensers used with arc lamps than for the incandescent-lamp con- 
denser systems. For the latter, when the longer focal length objective 
lenses are employed with the longer projection distances, about twice 
as much light will be projected by using the large diameter objectives 
known as the No. 2 size. 

By combining suitable optic^al glasses in elements of proper thickness, 
surface curvature, and spacing, the units can be given the following 
characteristics: freedom from spherical aberration, providing good 
definition; flatness of field, producing equally sharp images over the 
entire screen picture; and freedom from chromatic aberration, eliminat- 
ing colored fringes on the screen image. 

The focal length of the objective lens determines the picture size for 
a given throw. With the width of the picture selected, the focal length 
of the required objective lens is given with sufficient accuracy for prac- 
tically all purposes by the approximate formula^ 

Equivalent focus (inches) = (ft.) ’ 

1 The exact formulae are: 

= •7’=^a + 13-25Tr) Tr= 2:^ - 0.0755 

where EF = Equivalent focus (in.) T = Throw (ft.) W = Width of picture (ft.) 
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The throw is measured from the center of the objective to the screen; 
the formula applies for an aperture of standard size. 

Screen. — For the projection of a satisfactory picture it is neccissary 
to provide a screen which will effectively direct the light to the audience 
so that the images there formed may be seen without effort from every 



Fig. 182. Representative Angles within Which the Screen Must Direct Light 

to the Observers. 

seat. It is desirable that the screen surface have a high reflection- 
factor, but it is even more important that it direct a maximum part of 
the light back within the solid angle in which all of the seats are in- 
cluded, and that the light be so distributed within this angle that the 
screen will appear as nearly as possible equally illuminated from all of 
the seats. In the wide theatres the outer seats in front often make an 
angle of 60 degrees with a normal to the screen; in the narrower houses 
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the angle is sometimes as low as 30 degrees, as shown in Fig. 182; in 
the vertical plane the lowest front seats are occasionally as much as 
35 degrees below a normal to the screen and the highest seats 30 degrees 
above it. 




A — White Diffus- 
ing Surface. 


B — Semi-Mat Metal- C — Beaded 

lized Surface. Surface. 

Fig. 183. Three Representative Screen Surfaces and Brightness Distributions when 
Equal Quantities of Light are Directed in Beams Normal to tlic Surface. 


The distribution of light from a screen surface can be controlled by 
choice of material, its finish, texture and configuration. The screens 
so far available meet the requirements fairly well in many theatres but 
somewhat imperfectly in others; that is, there is not so great a diversity 
of light-reflecting characteristics as would be desirable for greatest 
eflBciency in each case^ The three principal types in use are shown in 
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Fig. 183 together with curves indicating the relative brightness as 
viewed from the different angles when a unit quantity of light is directed 
in a beam normal to the screen. Thus, at right angles to the si^rface, 
the mat diffusing screen has a brightness of 1.0 unit and this is main- 
tained at 0.94 unit at 30 degrees from the normal, and falls only to 
0.9 at 60 degrees; the semi-mat metallic surface, on the other hand, 
has a brightness of 3.5 units at right angles to the screen, but at 30 
degrees it is reduced to 0.8 unit, and at 60 degrees it is only 0.25 unit. 
It should be noted that the areas included within the several curves are 
not at all proportional to the amount of light reflected from each screen. 

Since, with the mat diffusing surface shown in Fig. 183, the maxi- 
mum brightness is well maintainc^d at all angles, a screen of this char- 
acteristic is especially adapted to very wide theatres. Although the 
outside front seats may lie 65 degrees from the normal, the brightness 
in their direction is about 90 per cent, and the average brightness for all 
of the seats is 96 per cent of the maxi- 
mum. In general, the diffusing surfaces 
should be used where a considerable por- 
tion of the seats lie more than 40 degrees 
from the normal to the screen. 

The smooth metallized surface. Fig. 

183 and Fig. 184, is especially applic- 
able for the narrowfT houses. For a typ- 
ical theatre of this type with the front 
end seats about 40 degrees from the nor- 
mal, 97 per cent are within 30 degrees, at 
which angle the brightness is still 0.8 unit, 
and 87 per cent are within 20 degrees, 
where the value is 1.6 units. The av- 
erage screen brightness as viewed from 
the seats of this theatre will, therefore, 
with this type of screen, be 2| times 
what it would be with the diffusing 
types. The more usual case is that of 
the theatre of medium width where the 
end front seats make an angle of about 
50 degrees with the normal. But even 
here 88 per cent of the seats fall within 30 degrees of the normal and 
all of these seats receive more light from screen than from screen A 
(Fig. 183), in fact about 2^ times as much for the average. For the 
remaining 12 per cent, the screen appears onl^ about one-half as bright 
as would one of the diffusing type. 



Fig. 184. Reflection Character- 
istics of the Three Types of 
Screen Surfa(!cs when the Beam 


from the Projector is Directed 
to Them at an Angle. 
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The beaded surface, Fig. 183, C, and Fig. 184, C, has a somewhat 
lower maximum brightness than the semi-mat metallic surface, but 
' highe^r values at angles of about 35 degrees and beyond. The beaded 
surface finds its best application in theatres of medium width. 

In the foregoing, reference has been made only to the light distribu- 
tion in the horizontal plane, but since the seats are at various eleva- 
tions, the brightness distribution in the vertical plane must also be 
considered. This is especially important in view of the fact that the 
three types of screen surfaces act differently in reflecting the light 
received at an angle with a normal to the surface. From the metallic- 
surface screens, for example, the reflection is to a considerable extent 
specular, as from a mirror; that is, the general direction of the re- 
flected beam makes an angle with the normal equal to the angle of 
incidence, as in Fig. 184, B. The bead screen reflects a maximum 
brightness in the direction of the projector, as shown in Fig. 184, C, 
because the specular part of the reflection is largely from that part of 
the glass bead surfaces normal to the beam. Obviously this screen 
finds its best application in theatres where the scats are not far below 
the projected beam. The direction from which the incident light is 
received has little effect on the distribution from the diffusing screen, 
as shown by Fig. 184, A. It is evident that the proportions of the 
theatre, the range of scat elevations, and the position of the projection 
room with reference tp the stage must, therefore, all receive careful 
consideration in the selection and mounting of the screen. 

Desirable Picture Size and Brightness. — If the audience is to enjoy 
a satisfactory picture, the size should be such that it intercepts an angle 
of not less than 8 degrees at the farthest seats nor more than 45 degrees 
at the nearest. When the picture intercepts less than 8 degrees, im- 
portant details will be lost for the average eye, whereas if the angle is 
greater than 45 degrees there will be excessive strain in tr 3 dng to watch 
all parts of the picture at once. The size of picture may, however, be 
somewhat less for a brightly lighted picture than for a darker one. 
If the high brightness is obtained with a dense film, the same equipment 
will illuminate the screen so brightly when light density films, animated 
cartoons, et cetera, are projected that the glare will be uncomfortable 
and harmful. The glare will be very much worse for seats near the 
screen since the amount of light entering the eye depends upon the 
angle which this screen includes. Between these values of illumination 
there is usually found a range which is neither too glaring for the people 
in the front seats when light density films are shown nor too dark for 
those in the rear seats when dense films are run. Although for a given 
light source the screen brightness decreases somewhat with a larger 
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picture, there is a compensating factor in that the brightness required 
for good vision decreases as the size is increased. 

niumination of the Theatre Auditorium. — The illumination oj^ the 
auditorium during the projection of the picture vitally affects the re- 
quired screen brightness, and the selection and placing of the lighting 
equipment must, therefore, be treated as a phase of the projection 
problem. There must be sufficient light to create an agreeable atmos- 
phere and to permit the theatre patrons to find or leave their seats 
safely during the projection of pictures; yet the eye should encounter 
no very bright areas, and the light directed to the screen from fixtures 
or vertical surfaces facing the stage should be kept at a minimum in 
order that contrasts in the screen picture may not be materially affected. 

A moderate intensity of general illumination near the front of the 
theatre, of the order of one-tenth of a foot-candle, does not materially 
affect the picture if this intensity is not allowed to reach the screen. 

Portable Motion Picture Projectors. — Portable motion picture pro- 
jectors arc bringing about a new techniciue of education, have become a 
valuable adjunct in selling, and are rapidly developing into a large 



Fig. 186. Portable Motion Picture Projector 
for 35-mm. Film — used in Scihools, Lodge 
Halls, by Salesmen and Traveling Ex- 
hibitors. 



Motion Picture Projector 
for 16-rnm. Film, used 
in the Home, Schools 
and Business. 


factor in home recreation used both with amateur films of friends, 
family, sports and travel, and with professional pictures. For the home 
field especially and also for the classroom, the smaller 16-mm. film is 
extensively employed inasmuch as the cost of such pictures is but a 
fraction of that on the 35-mm. film. The fields to which it is limited 
by reason of the amount of light that can be projected through the 
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smaller aperture are indicated in Table LXI. (“The Field of Applica- 
tion for Light Sources Used in Projection/^ Portable projectors for 
both| sizes of film are shown in Fig. 185. 

In the schoolroom it is especially desirable that pictures should be 
shown without darkening the room. However, this is not feasible if 
light is to be reflected from the usual screen because the details of the 
picture depend upon contrast in brightness and the super-imposed room 
illumination destroys this. However, if light is projected through a 
translucent screen with its back toward the darker surfaces of the room 



Fig. 186. An Ideal Class Room Arrangement, a Stcreopticon Projortor and Trans- 
lucent Screen. 

the contrasts are retained and the room light striking the face of the 
screen passes through without modifying the contrasts of the picture. 
The screen mUst, however, be shaded against stray light from the rear 
or projector side. It is usually sufficient merely to place the screen so 
that the back faces on the darker wall, as in Fig. 186. 

Stereopticon or Slide Projectors. — Visual impressions conveyed by 
motion picture stimulate the imagination, stir the emotions and are 
productive of prompt action. Lantern slides are adapted to conveying 
greater detail and supplementing the spoken presentation. The 
optical system of the familiar stereopticon or slide projector is similar 
to that of the motion picture projector, but the larger aperture, measur- 
ing 2f by 3^ inches, is placed close to a pair of 4^-inch-diameter piano- 
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convex condensers, and for efficiency the source can be imagined in or 
near the objective. Moreover, no rotary shutter is required, and with 
the elimination of the accompanying loss of light, the requirements for ^ 
the light source are not so severe. The objective lens is placed from 8 
to 24 inches from the slide, depending on the pictur-e size and projec- 
tion distance, and for best efficiency the large diameter lenses, known 
as the No. 2 size, should be employed to transmit as much of the light 
beam emerging from the condenser as is possible. 

The opaque projector, which is a modification of the stereopticon 
that permits the projection of opaque pictures by reflected instead of 
transmitted light, has an important application in lectures and class- 
rooms where it is desired to project maps, drawings, or illustrations 
from the pages of a book. A much smaller percentage of the light is 
directed through the projector lens and, therefore, the 1000- watt lamp 
is always required in the schoolroom with ordinary types of screen and 
projection is satisfacitory only at distances of not more than 30 feet. 
If the translucent screen is used, the 500-watt lamp is sufficient. For 
home entertainment the 500-watt lamp is ample with all types of 
screen. 

An interesting adaptation in the stereopticon field is the use of stand- 
ard 85-mm. motion picture film for the projection of individual pictures. 
The advantages from the standpoint of compactness, light weight, 
freedom from slide breakage, and cost of slides, are obvious. Operation 
is also greatly simplified since a large number of pictures may be made 
on one length of film and brought into position before the aperture, 
either by the ])ressing of a button or the turning of a knob, and held 
there as long as desired. On account of the smaller size of the aper- 
ture, such projectors are not as efficient from the lighting standpoint 
and their application is somewhat limited, as indicated in Table LXI. 
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Abbot, 36 

Aberration in motion-picture lenses, 489 
Absorption, black-body, 32 
by smoke, 335 

devices in photometry, 211, 223 
glass, 337 

relation to emission, 27 
spectral, 29 

Acetylene, candlepower of, 52 
color analysis of, 142 
for lighthouses, 473 
gas, 45, 54 

lamp as standard of light, 187 
spectral energy curve of, 321 
temperature of, 49 
Adaptation of the eye, 244 
Advertising, illuminated, 403 
After-images, 237, 325 
Aircraft and airway lighting, 476 
signaling projectors for, 480 
Airplane, lights on, 478 
Altar lighting, 373 

Alternating-current arc, 74, 78, 80, 83, 89 
for motion-picture projection, 484 
for merciu'y-vapor lamp, 145, 148, 150 
Aluminum reflectors, 261 
American Engineering Standards Com- 
mittee, 390 
Gas Institute, 168 

Institute of Electrical Engineers, 168 
Railway Signal Association, 467 
Aperture for motion-picture film, 490 
Approach lighting in railway signaling, 
469 

Arc appearance, 69 
brightness, 75 
chemi-luminescence, 78 
classes, 70 
color of, 74 

conductivity of vapors in, 79 
crater areas of, 75, 77 


Arc, definition of, 69 
effect of magnetic field on, 73 
pressure on, 75 

surrounding atmosphere on, 73 
efficiency, 72, 82 
electrode composition of, 71 
electro-luminescence, 78 
flaming, see Flame arc 
fluorescence, 79 
negative hot spot in, 79 
photographic action of, 83 
spectrum, 77 
temperature, 75 
tungsten, 73 
voltage and length, 80 
Arc lamp as photometric standard, 185 
ballast, 86 

candlepower distribution curves of, 
85 

efficiency, 87 
glare rating, 278 
globes, 86 
history of, 67 
in hcadlighting, 444, 446 
lighthouses, 473 

motion -picture projection, 89, 484 
searchlighting, 88, 439, 442, 443 
stage lighting, 307 
street lighting, 87, 422, 429, 430 
multiple connection, 82 
photometry of, 218 
power-factor, 80 
series connecition for, 81 
types of, 67, 68 
voltage, 82 
Ardois, 480 

Argand burner, 183, 186 
Art galleries, see Museums 
Artificial daylight, 326, 329 
in art galleries, 369 
factory lighting, 394 
kitchens, 350 
office lighting, 376 
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Artificial daylight, in school lighting, 359 Blackboard, glare from, 358 
show-windows, 386 lighting of, 358 

sign lighting, 406, 411 Blau gas, 45 

Asphtjric condenser, 489 Block signaling, 470 

Atmosphere, absorption effecton signs, 405 Blondel, 67, 165 


effect on arcs, 73 

flame sources, 180 
lighthouse service, 476 
sunlight, 335, 337 
vitiation due to gas, 66 
Auditoriums, lighting of, 362 

foot-candle values in, 290, 363 
in theatres, 365 
Auer von Welsbach, 55 
Automobile headlighting, 446 
Axis, photometric, 179 

B 

Back-firing in gas mantles, 61, (>3 
Ballast, arc, 86 

Bases for incandescent lanifis, 93 
Beacon lights, airway, 477 
street traffic, 462 
Beam, floodlight, 399, 418, 419 
from grating, 3 
parabolic mirror, 436 
headlight, 445, 449 
adjustment, 452, 457 
depressible, 458 
design, 453 
double, 451 

in light ])rojection, 434 

)notion-]Jicturc projection, 483 
railway signaling, 467 
lighthouse, 473 

reflected from mat surfaces, 262 
searchlight, 439, 441, 443, 444 
Beck, 67 

Beckstein illuminometer, 203 
Black body, 26, 27 

as photometric standard, 185 
characteristics, 38 
constants, 33 

effect in incandescent lamps, 113 
emission, 28, 29, 32 
experimental form of, 32 
ideal radiator, 26, 32 
laws, 33 

spectral curves, 30, 34, 39, 97, 142 


lumen-meter, 215 

Blue glass filters in photometry, 223 
sky, 11, 15, 335 

color analysis of, 142 
Bolometer, 8, 225 
Border lights, 367, 385 
Brackets, wall, in residence, 345 
Bray, 187 
Bremer, 67, 68 
Brightness, 174 
definition of, 175 
effect on eye, 239 
glare, 273, 275 
in office lighting, 377 
sign lighting, 403, 405, 408 
street lighting, 423, 425 
limit for visibility, 244 
mi‘asurement of, 199, 203, 218 
of arc lamps, 75 
a color, 320, 322 
motion-])icture screen, 491, 494 
sun, 37 
tungsten, 96 
various light sources, 38 
range outdoors, 336 
unit, 175 
wall, 281, 362 

British thermal unit (B.t.u.), 43 
Brodhun jihotometer, 193 
rotating sectored disk, 208 
Jirush, (\ F., 67 
Building display lighting, 415 
Bulbs, 91, 118 

Bulletin-board lighting, 403, 413 
flood-lighting for, 414 
Bunsen burner, 59 
^ flame, 45 

photometer, 190, 194, 207 
Bureau of Standards, 164, 168, 182, 183, 
186, 187 

Burner, Argand, 183, 186 
gas, 53 

efficiency, 65 
mantle, 59 
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C 

Candle as primary standard, 180 
in residence lighting, 348 
international, 168, 182 
per sq. cm., 175, 176 
structure of, 45 
Candlepower, apparent, 219 
definition of, 166 

distribution curves, 178, 250, 254, 436, 
445 

arc lamp, 85 

measurement of, 199, 207, 212, 214 
in railway signaling, 445 
mean horizontal, 167, 212 
spherical, 168, 213, 251 
of acetylene, 52 
firefly, 159 
gas mantle, 56, 168 
headlight, 219, 445, 449 
incandescent lamp, 100, 120, 168 
international candle, 168 
lighthouses, 474 

mcrcury-vapor tube lamps, 153, 155 
searchlights, 219, 440, 442, 444 
overshooting in, 107 
relation to luminous flux, 169, 171 
unit, 168 
Carbon arc, 67 

color analysis of, 142 
for motion-picture projection, 484 
searchlights, 442, 443 
content m gases, 50, 52 
incandescent lamp, 90, 213 
color analysis, 142 
glare rating, 278 
spectral curves of, 97, 142, 321 
Carcei, 181 

Center of radiation, 212 

in pentane lamp, 184 
in reflector-unit photometry, 219 
Characteristics, arc lamp, SO, 82 
black body, 38 
gas lamp, 51 
mantle, 56 

incandescent lamp, 104, 120 
equations for, 105 

mercury -vapor tube lamp, 132, 146, 150 
Chemi-luminesccnce of arc shell, 78 
Chimneys for gas mantles, 62 


Church lighting, 372 

foot-candle values for, 292 
Coal gas, 42 

Code, factory lighting, 273, 390, 3^ 
school lighting, 354 

Coefficientof utilization, 282, 297, 302, 308 
Coiled filaments, 112 
Collateral reading, see Chapter endings 
Color analysis, 320 

applications in lighting, 331, 345, 367, 
376 

blindness, 235 
body, 16 

c.ompleinentary, 237, 238, 319, 323 
for lighthouse service, 476 
in airport lighting, 478 
factory lighting, 393 
relation to temperature, 16 
sign lighting, 414 
light, shade and, 317 
matching in commercial lighting, 330 
photometry, 222 
measurement of, 322 
mixture, 323 
of arc lamps, 74 

incandescent lamps, 114 
light source, 14 
material ohjiuds, 15, 328 
mercury -vapor lamp, 141 
photometric stantlards, 180 
searchlight beams, 442 
sky, 15 
sun, 15 

various illuminants, 142 
photometry, 219 
preference, 327 
scale of values, 318 
sensation curves, 236 
signals in railway lighting, 467, 470 
standard white, 322 
teinperatun* of tungsten, 96, 98 
various sources, 38 
terminology, 319, 320 
triangle, 323 
values, scale of, 318 
vision theories, 235 
phenomena, 324 
wave-length relations, 4 
Colored media, 332, 

for stage lighting, 367 
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Colorimeter, 322 
Commercial lighting, 375 

foot-candle values for, 292 
Compensated test plate, 205 
Complementary colors, 237, 238, 319, 323 
Conduction, gaseous, 19 
in arc vapors, 69, 79 
gas-filled tungsten lam]is, 110 
vapor tube lamps, 21, 138, 140 
metallic, 19 

Cones of retina, 233, 235, 245 
Contrast, color, 324 
effect on glare, 285 
in factory lighting, 395 
office lighting, 376 
street lighting, 423 
vision, 237, 242, 247 
photometer, 190, 195, 221 
sensitivity, 244 
Cooper and TIovvitt, 67, 133 
Corpuscular theory of light, 1 
Cosine law, 177 

of emission, 174 
incidence, 173, 205 
Cost of daylight, 341 

factory lighting system, 392, 395 
lighting, 310 
signal lighting, 469 
Cove lighting, 364 
Cover glass for stop-lights, 460 
headlights, 453 
searchlights, 439 
signal lights, 470 
Crater arcs, 70 
area, 75, 77 
Crime prevention, 422 
Crookes, 131, 134 

Crova method in color photometry, 223 
wave-length, 35 
Crystal glass, 339, 371, 446 
Cube, Lummer and Brodhun contrast, 
195 

equality, 194 

Curves, photometric, 178, 214 
spectral, see Spectral 

D 

Davy, 67 
Daylight, 327, 334 
artificial, see Artificial daylight 


Daylight, control of, 338 
cost of, 341 

distribution indoors, 340 
fading due to, 337 
glass absorption of, 337 
in art galleries, 368 
factories, 394 
museums, 368 
show-windows, 387 
intensity, 334 
quality of, 335 
standard, 335 
variations in, 328, 334 
Day lighting of buildings, 337 
schools, 356 
show-windows, 388 

Dejireciation in lighting, 309, 311, 356, 
362 

Design for flood-lighting, 418 
incandesci'ut lamp, 115, 117 
lighting, for factory, 394 
office, 375, 378 
school, 3()() 
show-windows, 385 
signs, 404 
syst(‘m, 284 
Desk lighting, 377 
Diaphragms, 211 
Diffraction in crystals, 6 
grating, 3 
Diffusion, 177 

disks for photometers, 189, 192, 194, 
199, 217 
globes, 2()5, 429 
in illumination, 254, 272 
jilatcs for illurninometcr, 202, 203 
surfaces, 217, 258, 492 
Dining-table lighting, 346 
Direct-current an;, 69, 78, 81, 83, 89 
for mot ion-picture projection, 485 
mercury-vafior lamp, 144 
Direct lighting in auditoriums, 364 
schools, 359 
stores, 383 

mounting heights, 28<S 
system, 254, 328 

Disk in photometer heads, 192, 206 
Lccson, 193 
sectored, 174, 203, 208 
Display lighting 403, 415 
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Distribution curves, candlepower, 178, 
260, 254 

measurement of, 214 
of flame arc, 85 
lamp and reflector, 250, 254 
mercxiry-vapor lamp, 155 
railway headlights, 445 
spectrophotometric, 224 
of daylight indoors, 840 
light from headlights, 449 

on motion -picture screen, 492, 493 
Drafting-room lighting, 375, 377 

E 

Earth, brightness of, 336 
lighthouse range on, 475 
Edgerton, 186 
Edison, 89 

Efficiency of eye, 10, 11 
firefly, 159 
gas burners, 65 
radiation, 12 
tungsten, 96 
lamp, 13 

incandescent, 99, 104, 114 
mcrcury-vai)or tube, 154, 156 
of arc, *72, 82, 87 
illuminating gas, 50 
luminous, 13 

of black body, 35 
solar radiation, 39 
various light sources, 38 
maximum, 14 

Electrode consumption in arcs, 74 
flame arc, 71 
magnetite arc, 71 
motion-picture arc, 485 
searchlight arc, 442 
Electro-1 umincsccnc.e of arc core, 78 
Electrolysis in incandescent lamps, 117 
Electromagnetic theory of light, 1 
Electron theory of matter, 17 
Elevator lighting, 376 
Elliott, 186 

Emergency lighting in auditoriums, 363 
schools, 356 

Emission, black-body, 28, 32 
relation to absorption and reflection, 29 
tungsten, 30, 97 


Enclosed lamps in sign lighting, 411, 413, 
415 

Energy from ultimate radiators, 2Q 
quantum of, 2 ‘ 

Equality of brightness in flicker photom- 
etry, 222 
photometers, 188 
Equations, arc lamp, 72 
black-body, 28, 29, 33 
for photometric measurements, 19 1 , 207 
quantities, 167 
standards, 182, 183 
illumination, 253, 308, 360 
in candlepower computations, 213 
light jirojection, 437 
lighthouse projection, 475 
motion-picture projection, 490 
sign lighting, 408 

nibncht sphere computations, 216 
incandescent lamp, 103, 105, 115, 120 
luminous flux, 252 
Ether, I 

Exposed-lamp displays, 404, 411, 415 
Exterior lighting for industrial plants, 
396 

m* lluildmg disjilay lighting 
{Stree^ ligMing 
Eye art, ion in' seeing, 239 
adjustments, 231 
after-images, 237 
efficiency, 10, 11 
general structure of, 229 
in photometry, 1()4, 188 
mjuri(\s to, 218 
limit of resolution, 245 
movements, 247 
refractive apjianttus of. 230 
spectral luminosity curve, 10 

F 

Factory lighting, 390 

effect of high intensity, 387, 392, 395 
Fading, 337, 371 
Faradav, 134 
k't'chner’s law, 174 
Fer> , 18(> 

h'leld of view, effect on glare, 274, 279 
in [)roje(‘tion, 437 
visual, 231, 242, 244 
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Filament coiling, 112, 113 
design, 115 
supports, 116 
vaiWe of tungsten, 99 
Film aperture, 490 
movement in projection, 483 
Filters, sec Screens 
Firefly, 158 
candlcpower of, 159 
efficiency, 159 
spectrum, 7, 25, 158 
Fixtures, art museum, 371 
auditorium, 363 
church, 372 
residence lighting, 343 
school lighting, 301 
store, 383 
street lighting, 429 

Flame arc, 68, 70, 71, 77, 80, 80, 421 
color analysis of, M2 
for searchlight, 88, 413 
combustion, 47 

height for photoinelric standards, ISO, 
182, 183 
sources, 41, 180 
structure of hy drocarbon, 45 
temperature, *18 

Flashing in lighthouses, 471, 473, 474, 
476 

sign lighting, 109, 412 
street traffic beacons, 102 
Flicker in incandescent lamps, 109 
mercury -vapor lain)is, 145 
motion-picture theatres, 300 
photometric measuroincnts of, 212 
photometer, 220 

reiiuiremcnts for, 221 
sensitivity, 222 
types of, 220 

Flood-lighting, 331, 307, 388, 398, 415, 479 
design, 418 
equipment, 410 
Fluorescence, 0 
arc, 79 

used in signaling, 480 
Fluted glass, 397, 419, 453, 457 
Flux, sec Luminous flux 
Fog, 446, 473, 476 
Foot-candle, definition, 171 ’ 
illumination computed, 306 


Foot-candle, meter, 204 
values in flood-lighting, 419 

illumination, 290, 355, 363, 376, 
391 

on a horizontal plane, 255 
Footlights, show-window, 380, 387 
theatre, 366 

Fresnel, 434, 437, 480, 489 

G 

Gamma-rays, 6 
Gas, acetylene, see Acetylene 
atmosiiheric vitiation, 66 
burners, 53 

c.arbon content of, 50, 52 
constituents, 42 
data on hydrocarbon fuels, 51 
for list* in incandescent lamps, 110, 118 
in light liuoys, 473 
glare rating, 277 

heat absorpt ion in combustion, 49 
in sign lighting, 113 
lamp effici(‘iicv of, 50, 51 
loss in incand('S(aMit lamj)S, 110 
mantles, see ]\ Ian ties 
manufacture, 42 

Gaseous conductor, neon t ubes, 403 
Goissler, 131, 132 
Gem incandescent lamp 90, 157 
color analysis, 142 
CJIare, 273, 2S0, 299 
from heaflhghts, 449, 450, 453 
railway headlights, 446 
specular rcfh'ct ion, 280 
in auditorium lighting, 362 
factory lighting, 390, 391, 394 
inotion-pietiire theatres, 365 
office lighting, 377 
rcsidenci^ lighting, 344 
school lighting, 354, 357, 358 
street lighting, 427, 430 
light souri;es rated on, 275 
Glass absorption, 337 
blue, for lailor photometry, 223 
colored, 332 

cover, 439, 453, 460, 470 
crown, transmission of, 142 
crystal, sec Crystal 
curved, for show-windows, 388 
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Glass, enclosing globes, 2G6 
for skylights, 337, 339, 371 
frosted, characteristics of, 269, 339 
in incandescent lamps, 91, 117 
mirror surfaces, 258, 443 
opal, see White 
prism, 388 

prismatic, see Prismatic 
signal, 332 
used in lighting, 338 
Glassware, prismatic, 270, 338 
Glint, 424, 428 
Globes for arc lamps, 86 
glass-enclosing, 266, 298 
in street lighting, 429 
semi-enclosing, 278 
semi-indirect, 278, 377, 382 
Gold, color of, 16 
Grating, 3, 6, 211 
Gray body, 30 

“ Grease-spot ” photometer, 190, 194 
Greenhouses, “ hot-house ” effect in, 337 

H 

Uarcourt, 183 

Ilcadlighting, regulations, 450 
specifications for, 449 
Headlights, photometry of, 219 
railway, 444 
vehicular, 446 
adjustment, 452, 457 
two filament, 456, 458 
Heat rays, 5, 11 
llcfner-Alteneck, 181, 193 
Hefner lamp, 181 

color analysis, 142 
specifications, 182 
unit, 168, 169 

Helium as photometric standard, 185 
Helmholtz, 236, 237, 239 
liering, 237 
llerscliel, 5 

Hertz’s electromagnetic w^aves, 2 

Heterochromatic photometry, 188, 219 

House numbers illuminated, 352 

Houston, 186 

Hue, 4, 319, 322, 323 

Huyghens’ wave theory, 1 

Hyde, 168 


I 

Illuminants for exterior lighting, 397 ^ 

factory lighting, 395 
sec Light sources 

Illuminating Engineering Society (U.S.), 
168 

code of factory lighting, 281, 39C 
code of school lighting, 354 
headlight regulations, 449 
Nomenclature and Standards 
Committee, 165 
Illuminating gas, see Gas 
Illumination by sunlight, 241, 334 
computation of, 253, 308 
computed values for, 306 
definition of, 170 
design, 284 
due to daylight, 334 
fundamental principles of, 250 
glare in, 275 

high, effect of, 387, 392, 395 
in flood-lighting, 419 
motion-picture auditorium, 495 
projection, 485, 487 
valui's, sec Foot-candle 
International C’ommission on, 165 
levels of, 421 

measurement of, 199, 203, 204 
of vertical surfaces, 272, 426 
on retina, 239 
see Lighting 
units, 170 
Illuiiiinometcr, 199 
Beckstein, 203 
foot-candle meter, 204 
Macbeth, 20^ 

Sharp-Miliar, 199 
sources of error, 205 
Weber, 202 

Image in motion-picture projection, 481 
scA’ After-image 
Incandescence, 16 
flame sources of, 41 
in vapor tube lamps, 138 
of gas mantle, 60 
supply of energy in, 23 
Incandescent (electric) lamp, see Carbon 
.and Tungsten 

as photometric standard, 185, 187 
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Incandescent (electric) lamp bases, 93 
black-body effect, 113 
, bulbs, 91, 118 

crater of radiation in, 212 
characteristic equations, 105 
characteristics, 104, 120 
color of, 1 14 
design, 112, 115 
efficiency, 114 
flicker, 109, 366 
gas for use in, 118 
loss, 110 

in headlighting, 446 
lighthouses, 473 
motion-picture projection, 48(> 
railway signaling, 469 
searchlights, 444 
sign lighting, 406 
stage lighting, 367 
stercopticon projection, 497 
leads, 92, 1 17 
life of, 98, 115, 119 
manufacture, 89, 93 
miniature, 346, 351 
overshooting in candlepower, 107 
parts, 91 

reduction facd-or, 113 
resistance curves, 107 • 
selective radiation from, 100 
temperature, 113 
testing, 101 
tungsten wire for, 91 
two-filament, for railway signaling, 
469 

Index, refractive, in eye, 230 
of commercial glass, 340 
room, 284, 298, 300, 308 
Indirect lighting in auditoriums, 364 
offices, 376 
stores, 382 
system, 254, 329 
mounting heights, 288 
Industrial lighting, 390 
daylight in, 338 
Infra-red radiation, 5 
Integrating photometers, 215 
Intensity, daylight, 334 
effect of high, 387, 392, 395 
luminous, see C'andlepower . 
of headlight beams, 449 


International candle, 168, 182 
Commission on Illumination, 164, 165, 
170 

Interstate C/ommerce Commission, 445 
Inverse square law, 172, 341 
errors, 173 
Ionization, 20 
in vapor tube lamps, 138 
potentials, 22 
Ives, 186 

J 

Joly, 197 
Jones 67, 68 

K 

Kerosene lamp as standard of light, 186 
burners, 53 
for lighthouse, 473 
railway signaling, 468 
spectral en(*rgv curve of, 321 
Kirchhoff’s law, 27 
Kruss, 193 
Kurlbauin, 185 

L 

Lambert cosine laws, 173, 177 
relation to c. j). sq. cm., 176 
unit of brightness, 175 
Lamp, arc, 66 

efficiency, 13, see Efficiency 
for flood-lighting, 418 
headlightmg, 445 
lighthouses, 473 

inotion-jiicture jirojcction, 485, 487 
searcli lights, 442, 444 
street lighting, 429 
gas, 53 

incandescent electric;, 89 
Nernst, 156 

photometric standard, 181 
portable, 344, 388 
posts, see Standards 
shades, 345 

size in display lighting, 414, 415 
illumination design, 306, 309 
sign lighting, 406 
spacing for sign lighting, 408 
vapor tube, 131 
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Laws, black-body, 33 
headlighting, 450 
inverse square, 172, 207 
Kirchhofif’s, 27 
photometric, 172 
Weber’s, 242 

Layouts, for special applications, 290 
symmetrical spacing, 289 
Leading-in wires, 92, 117 
Lecson disk, 193 

Legibility in sign lighting, 407, 412 
Lens for headlights, 453, 458 

motion-picture projection, 481, 489, 
490 

projection, 433 
railway signals, 467, 470 
Fresnel, nee Fresnel 
lighthouse, 471 
of eye, 230 

street traffic signals, 463 
Library lighting, 380 

foot-candle values for, 292 
Lielienthal, 188 
Life of arc lamps, 86, 88 

tungsten lamps, 98, 115, 119 
testing, 101 

Light, action of, in eye, 239 
ceremonial use of, 373 
control, principles of, 257 
corpuscular theory of, 1 
cost of, 310 
definition, 11, 165 
electromagnetic theory of, 1 
expressiveness of, 325 
filters, sec Screens 
mechanical equivalent of, 13 
moon, 336, 366 

penetrating jiowcr of, 394, 442, 470, 
476, 479 
pressure, 8 
projection, 433 

psychology of, 326, 336, 342, 354, 366 
quantum, 2 
scattering, 335 
shade and color, 317 
signals, 439 
motor car stop, 460 
street traffic, 461 
sky, see Sky 

sources, see Light sources (below) 


Light, standards, 179 
sun, see Sun 
velocity, 1, 6, 
wave theory of, 1 
Light sources, brightness of, 38 
color values of, 142 
for lighthouses, 473 
projection, 483 
railway signaling, 468 
searchlights, 442, 444 
street lighting, 429 
new, 140, 160 
physics of, 1 
rated for glare, 275 
location, 280 

selective radiation of, 100 
spectral energy distribution of, 321 
temperature of, 38 
ultimate, 20 

vacuum discharge as, 140 
various types of, 26 
Lighthouses, 471 
candlepower and range, 474 
lenses, 471 
light sources, 473 
systems, 471 
Lighting, color in, 331 
commercial, 375 
cost, 310 
display, 403 
drafting-room, 375 
effect of surroundings on, 328, 393 
emergency, 356, 363 
fixtures, 343 
for airplane service, 476 
industrial, 279, 390 
library, 380 
nature’s, 336 
office, 375 

public building, 354 
residence, 341, 343 

see Direct, Indirect and Semi-indirect 
lighting 
sign, 403 
store, 381 
street, 421 
system design, 284 
for factory, 394 

maimtenance, 309, 311, 341, 356 
street, 431 
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Lighting, units compared, 280, 302 
see Reflectors 

Locomotive headlighting, 445 
LouvJ^;b, 338, 3G8, 439 
Lumen, definition of, 169 
meter, 215 

Luminaires, see Fixtures 
Luminescence, 7, 17 
in vapor tube lamps, 138 
of flame sources, 41 
see Chemi-luminescence, 78 
Electro-luminescence, 78 
supply of energy in, 22 
Luminescent arcs, 70 
Luminosity curve, 10 
of flames, 48 

Luminous efficiency, see Efficiency 
flux, color of, 319 
computation of, 251 
definition of, 165 

in motion-picture projection, 485, 487 
projection, 433 

relation to candlepower, 169, 171 
unit, 169 

intensity, see Candlepower 
Lummer, 185 

and Brodhun photometer, 193 
prism, 201 

Lux, definition of, 170 
M 

Macbeth, 67 
illuminometer, 201 
Magnetic field, effect on arcs, 73 
Magnetite arc, 68, 71, 88, 429, 444 
Maintenance, 299, 309, 311, 341, 356 
of vapor-tube discharge, 139 
sign lighting, 403 
street lighting, 431 
Mangin mirror, 435, 441, 480 
Mantle, gas, 55 
burners, 59 
characteristics, 56 
color analysis, 142 
in lighthouses, 473 
manufacture, 57 
origin, 55 

spectral energy distributwn, 321 
structure, 57 


Marks, 67 

Marten photometer, 197 
Mat surfaces for motion-picture screen, 
492 

characteristics, 258 
in school lighting, 359 
rough, 262 

Mathews integrating photometer, 215 
Matter, electrical structure of, 17 
electron theory of, 17 
Maxwell’s theory of light, 2 
Mean horizontal candlepower, 167 
measurement of, 212 
spherical candlepower, 168 
computation of, 213 
interpretation in illumination, 251 
measurement of, 213 
Mechanical equivalent of light, 13 
Mercury -vapor tube lamp, 17, 132 

alternating-current, 145, 148, 150 
characteristics, 132, 146 
color of, 141 

combination with tungsten lamp, 
332 

conduction in, 21, 140 
Cooper-llcwitt, 133 
direct-current, 143 
efficiency, 154, 156 
glare rating of, 278 
luminescence, 22 
source of radiation, 24 
spectrum, 3, 7, 142, 321 
starting, 143 

Military searchlights, 440 
signaling, 479 

Milk-glass plates, 202, 203, 217 
see White glass 
Millar, 199 
Millilambert, 175 

Miniature lamps for church lighting, 373 
residence lighting, 346, 351 
Mirror for searchlights, 441, 443 

in photometry, 189, 192, 193, 201, 212, 
214, 215, 218 
projection, 434 
Mangin, 435, 441 
parabolic, 436, 441, 480 
reflection from. 258 
Mirrored glass reflectors, 259, 487 
for flood-lighting, 417 
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Mirrored glass reflectors, for projection, 
436 

for railway hcadlighting, 446 
reflector for projection, 481 
Moonlight, 336, 366 
Moore tube, 131, 330 
color analysis of, 142 
Morse, 480 

Motion in sign lighting, 403, 412, 413 
picture projection, arcs for, 89, 480 
principles of, 481 
theatre lighting, 365 
Motor car, .see Automobile and light 
signals 

stop signals, 460 

Mounting heights, 2S0, 287, 288, 300 
in exterior lighting, 397, 399 
flood-lighting, 399, 418 
office lighting, 376 
sign lighting, 414 
street light ing, 422, 424, 426, 428 
Multiple connection in an* lamps, 82 
Murdock, 41 

Museum, daylight in, 337, 368 
lighting, 341, 367 
foot-candle values for, 293 

N 

Nature, lighting in, 336 
Neon-vapor tube lamps, 131, 403 
Nernst lamp, 156 

color analysis of, 142 
Non-black body, 2() 

.see Cray body 
sec Opaque body 
Nutting, 185 

O 

Office lighting, 375 

foot-candle values for, 295, 376 
Opal glass, .see White, 258, 264 
Opaipie bodies, 31 

Ojitics of projection sources, 433, 141 
physiological, 229 
Order of spectra, 4 
Outlets in office lighting, 37(», 378 
residence lighting, 344, 349, 351 
school lighting, 360 
location of, 285, 289 


P 

Paint for Ulbricht sphere, 218 
.see Pigments 
wall, 6CC Walls 
Paintings, lighting of, 368 
l*alaz, 188 

Parabolic mirror reflector, 435, 436, 
480 

beam distribution, 436 
for searchlights, 441 , 444 
Pentane lamp, 182 

Pcnaqition, relation of illumination to, 
291 

Petavcl, 185 

Phantoms in railway signaling, 470 
Phosphorescence, 7 
Idioto-electrii! cell, 226 
Photogenic organisms, 158 
Photographic action of arc lamps, 83 
blue sky, 1 1 

mercury-vapor lamp, 142 
tungsten lamj), 1 1 
JMiotomctcr, Bunsen, 190, 194 
contrast, 190, 195 
definition of, 188 
flicker, 220 
illuminometers, 199 
Lummer and Brodhuii, 193 
mean spherical candlepower, 214 
]>hvsical, 225 
]K)rtijblc, 199 
])rinciple of, 188, 190 
radial, 215 

requirements for accuracy in, 188 
Bit chic, 189 
sensitivity, 196 
sphere, 101, 215 
PhotometrK! axis, 179 
curves, 178, 214 
equations, 191, 207 
c(|Uii)ment, 197, 208, 211 
instruments, 188, 199 
laws, 172 

measurement of reflector units, 219 
Methods, 206 
MOTiK'iiclat lire,, 165 
standards, 179 
color of, 180 
flanx*. height, 180 
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Photometry, 164 
astronomical, 226 
color, 188, 219 
definition of, 164 
ph^ical, 225 
photo-electric cell in, 226 
radiometer for, 225 
selenium cell in, 225 
spectro-, 224 

Physical photometry, see Photometry 
Physics of light production, 1 
projection, 433 

sources, 26, 36, 45, 74, 95, 113, 
131, 133, 157, 158 

Physikalische Technische Reichsanstalt, 
182 

Physiological optics, 220 
Pigments, 3 1 8, 320, 332, 337 
Pintsch, 41, 54, 473 
Planck’s law, 33 
quantum theory, 2 
Platinum in incandescent lamps, 02 
Violle standard, 170, 184 
Plucker, 17 
Polarization of light, 1 
Polished rnetal refli'ctors, 257 
for flood-lighting, 416 
for headlighling, 413 
for projection, 436 
Porcelain-enameled reflector, 268 
Portable lamps, 344, 388 

motion-picture projectors, 405 
photometers, see IlluminoTneters 
Poster-board lighting, 413 
Potential distribution in vapor tube lamj), 
134 

ionizing, 22 
radiating, 22 
Power-factor of anvs, 80 

merciiry-va])or lamps, 110 
Primary standard of light, 170 
arc lamp as, 185 
black body as, 185 
candle as, 180 
Carcel as, 181 
Hefner as, 181 
helium as, 185 

incandescent lamp as, 185, 187 
radiation as, 186 
Violle platinum, 184 


Prism, 4 

Brodhun, for sector, 208 
in projection lenses, 434, 453, 460 
lighthouse lenses, 471 
Lummer and Brodhun, 201 
cube, 104 

rotating, for flicker photometer, 221 
Prismatic condenser, 489 
glass, 270, 340 
glare rating, 277 
in show-windows, 388 
reflectors, 271, 385, 397 
lenses, 453, 467, 489 
refractor, 398, 429 
Problems, 25, 161, 227, 315 
Projection, 80, 433, 480 
by lenses, 433 
opaque reflectors, 434 
light sources for, 483, 487 
Projectors for military signaling, 480 
portable motion picture, 405 
reflection from, 436 
stereopticon, or slide, 406 
surfaces for, 436 

Psychology of light, 326, 336, 342, 354, 
366, 300 

Ihibhc buildings, flood-lighting of, 416 
lighting of, 354 

foot-candle values for, 292 
Pupil, accommoflation of, 231 
elTeet of size, 246 
Purkmjc effect, 220, 235, 442 

Q 

Quantum theory, 2 
(2uartz prism, 4 
spectrograph, 5 

R 

Kadial photometer, 215 
Badiatiori, as jirimary standard of light, 
186 

black-body, 32 

center of, 184 

effects produced by, 8, 11 

gamma-rays, 6 

infra-red, 5 

injuries from, 248 
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Radiation, luminous flux, 165 
measurement of, 8 
original source of, 20 
selective, 30, 100 
spectrum of, 6 
tungsten, 97 
ultra-violet, 5 
visibility of, 1 1 
wave-length analysis, 3 
X-rays, 6 

Radiator, black and non-black, 26 
energy emitted by, 20 
ideal, 26, 32 
ultimate, 20 

Radiometer, 5, 8, 11, 224 
for physical photometry, 225 

Railway headlighting, 444 
signaling, 467 

Range, automobile headlight, 449 
light, 471 
lighthouse, 474 
locomotive headlight, 445 
military signal, 479 
railway signaling, 467 
searchlight, 442 

Reduction factor, definition of, 178 
for incandescent lam])S, 113 

Reflection characteristics of materials, 
25S 

clear ]jlate glass, 263 
factors, 218, 241, 258, 336, 310, 417 
church ceilings, 373 
from clear glass, 340 
interior walls, 355 
of black body, 27 

motion-picture screen, 491 
from desk tops, 377 
mat surfaces, 262 
motion-picture screens, 493 
opal glass, 264 
polished inet.al, 257 
porcelain-enameled steel, 268, 397 
show-windows, 388 
street surfaces, 423, 425 
in art galleries, 369 
prismatic glassware, 271 
spectral, 29 
specular, 280 

Reflector surfaces, 257 
choice in illumination design, 298 


Reflector, dull finished metal, 261 
equipment for street lighting, 429 
for exterior lighting, 397 
flood-lighting, 416 
railway headlighting, 446 
searchlights, 441, 443 
show-windows, 385 
sign lighting, 414 
maintenance, 309 
mat finish, 262 
mirrored glass, 259, 463 
opaque surfaces of, 436 
optics of, 434 
parabolic, 435, 436, 480 
f)olishcd metal, 257 
types, 259, 261, 262, 268, 269, 271 
units, photometry of, 219 
Refraction in the eye, 230 
prismatic glassware, 270 
commercial glass, 272, 340 
Refractors in street lighting, 429 
prismatic, 31)8 

Remote control in street lighting, 431 
for searchlights, 441 

Representative standard of light, 179, 
186 

incandescent electric lamp, 187 
Residence lighting, 341, 343 
Ttesistancc curves of tungsten, 107 
theory of electrical, 19 
Resolution, limit of, by eye, 245 
Retina, function of, 234 
illumination on, 240 
rods and cones of, 233, 235, 245 
structure of, 229, 232 
Ritchie photometer, 189 
dome reflector, 397 
Rods of retina, 233, 235, 245 
Rood, 220 

Room index, 284, 298, 300, 308 
Rotating disk for flicker photometer, 
221 

sectored disk, 208 
prism, 208, 221 
shutter, 481, 483 

Rotation of lamps in photometry, 213 
Rotator, universid, 214 
Rousseau, 214 
Rudorf mirrors, 193 
Rutherfold, 18 
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S 

Saturation of a color, 320, 322 
« Scalei color value, 318 
illuminometcr, 200, 206 
photometer bench, 197 
temperature, 95 
School, interior finish for, 355 
lighting, 354, 357 
design, 360 

foot-candle values for, 293, 355 
glare, 354, 357 
windows, 357 

Screen for light filters, 5, 203, 223, 225, 
323, 330, 367 
neutral tint, 211 
photometric bench, 191, 197 
in motion -picture projection, 365, 482, 
485, 487, 488, 491 
Sculpture, lighting of, 370 
Searchlights, airway, 477 
arcs for, 76, 79, 88, 442 
equipment, 439 
for military signaling, 439 
incandescent lamps for, 444 
mirrors, 441, 443 
optical characteristics of, 441 
photometry of, 219 
Searchlighting, 442 
Sectored disk, rotating, 208 
Talbot’s law of, 174 
variable, 203, 209 

Selective character of reflected light, 15 
radiation, 30 

of various sources, 100 
Selenium cell, 225 
Semaphores, 470 
Semi-enclosing units, 278, 378 
mounting heights, 288 
Semi-indirec.t bowls, 278, 326 
lighting for auditoriums, 363 
offices, 376, 378 
schools, 359 
stores, 381, 382, 384 
mounting heights for, 288 
system, 254, 329 

Sensitivity, contrast, of the eye, 244 
of photometer heads, 196 
selenium (^ell, 226 
in flicker photometry, 222 


Series connection for arc lamps, 81 
Shade, 317, 320 
see Lamp-shade 
Window’^-shade 
Shadows, 282, 299, 317 
in drafting rooms, 377 
exterior lighting, 397, 416 
factory lighting, 393 
office lighting, 377 
street lighting, 424, 428 
Sharp-Miliar illurninometer, 199 
Show-case units in art galleries, 371 
Show-window lighting, 331, 385 
Show windows, effect of light incident 
on, 340 
Shutter, 482 
Sign lighting, 403 
Signal glass, 332 
Signaling, military, 479 
invisil)l(‘, 480 
motor car stop, 460 
railroad crossing, 470 
railway, 467 
street traffic, 461, 465 
Silhouette effect, 423, 426 
signs, 411, 413 

Silvered m(*tal reflectors, 436, 446 
Sky, blue, 11, 15, :a5 
color analysis, 142 
brightness, 33() 
illumination due to, 334 
light, artificial north, 330 
from, 334, 341, 357 
north, 335 

spectral energy of, 321 
rating for glare, 277 
Skylights, 338, 341 

effect of light incident on, 340 
glass for, 337 
m art galleries, 368 
auditoriums, 363 
, schools, 356 

show-windows, 387 
Slide projection, 480, 496 
Smoke, effect on daylight, 335 
Society of Automotive Engineers head- 
light regulations, 449 
Spacing for interior lighting, sec Outlets 
street lighting, 422, 426 
lamp, in sign lighting, 409 
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Spectra, arc, 77 
bright-line and continuous, 24 
from grating, 3 
mercury-vapor, 3, 7, 142 
moonlight, 336 
orders in, 4 
radiation, 6 
sun, 40 
types of, 7 

Spectral curve of black body, 30, 34, 30, 
97, 142 
blue sky, 12 
carbon, 97, 142 
common illuminants, 321 
firefly, 1.5S 

gas-filled tungsten lamp, 12 
sun, 39 

sunlight, 15, 142 
tungsten, 9, 30, 07, 142 
effect of chaiig(‘ in teiniTcrature on, 35 
photometric measurement of, 224 
energy curve, 8 
luminosity curve, 10 
Spectrophotometric (uirves, 320 
Spectrophotometry, 200, 224 
Specular reflection, 280 
Speculum metal, 3 
Sperry, 67 

Sphere photometer, 101, 215 
Spotlights in churches, 373 
show-windows, 387 
theatres, 367 
Stage lighting, 331, 366 
Standards, daylight, 335 
for street lighting, 422 
of radiation, 36 
photometric, 170 
Stefan-Boltzmann law, 33 
Steinmetz, 67 
Stercoptieon, 406 
Store lighting, 381 

foot-candle values for, 293 
Street lighting, 421 
arcs for, 87 

automobile roiiuirements, 447 
for small cities and towns, 422 
important factors iii, 428, 430 
systems, 431 
railway headlamps, 444 
traffic control, 461, 465 


Sun as source of energy, 41 
brightness, 37, 336 
color of, 15, 142 

general characteristics of, 36, 38 ^ 
illumination by, 241, 334 
luminous efficiency of, 39 
rating for glare, 277 
spectral curve of, 39, 142, 321, 336, 339 
spectrum, 7, 40 
temperature, 38 
valves for lighthouses, 474 
white light from, 322 
Sunset, 15, 335 
Swinburne, 185 

T 

Talbot’s law, 174 
Tantalum incandescent lamp, 00 
Tcmj)craturf‘, are lamp, 75 
color, of tungsten, 06, 08 
effect on spec^tral curves, 35 
incan(le.sc(‘nt lamp, 113 
of flame sources, 48, 40 
various sources, 38 
scale for tungsten, 95 
Tesla, 131 

Test ])late, compensated, 205 
illuT»iinomct,iT, 202 
Testing incandescent lamps, 101 
methods, 103 
racks, 102 
vision, 245 
Theatn* lighting, 365 

foot-canillc values for, 293 
moving [licture, 365 
flicker ill, 306 
glare in 365 

Theories of color vision, 235 
light, 1, 2 
matter, 17 
Thermocouple, 8 
Thompson, 185 
Thomson, 17 
Tint, 320 
T mtoineter, 322 
3 otally indirect reflectors, 277 
us(^ in auditoriums, 364 
use in churches, 373 
use in offices, 379 
use in schools, 361 
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Transmission of crown glass, 142 
crystal glass, 258, 339 
opal glass, 258 

• Treet interference in street lighting, 428 
Trotter, 190, 204 
Tungsten arc, 73 
color analysis of, 142 
temperature of, 96, 98 
emissivity, 30, 97 

lamp, bowl-enariieled, in reflector, 278 
clear bulb, in reflector, 278 
combination with mercury arc, 330 
for headlighting, 444, 445 
lighthousi'S, 474 
signal lights, 469 
street lighting, 422, 429 
glare rating of, 278 
lumen output of, 306 
photographic distribution curve of, 12 
radiating properties of, 97 
resistance curves of, 107 
selectivity, 99 

spectral curves of, 9, 10, 12, 30, 97, 142, 
321 

temperature scale, 95 
value for filaments, 99 
vaporization, 98, 110 
wire for incandescent lamps, 91 
physical characteristics <jf, 96 

U 

Ulbricht sphere, 215 
equipment, 217 
errors in, 217 
theory of, 216 

Ultra-violet, effect on eye of, 248 
for invisible signaling, 480 
radiation, 5, 79, 141, 337 
Unit of brightness, 175 
candlepower, 168 
illumination, 170 
luminous flux, 169 
relation to standard, 179 
Utilization, coefficient of, 282, 297, 302, 
308, 361 

V 

Vaporization of tungsten, 98, IJO 
Vapor-tube lamp, 131 


Vapor-tube lamp conduction, 138, 140 
discharge as source of light, 140 
conditions, 136 
maintenance, 139 
structure, 133 
history, 131 
ionization, 138 
physics of, 133 
types of, 131, 148 
Vehicle headlighting, 439 
Velocity of light, 1, 6 
Violle-platinum standard of hght, 179, 
184 

Visibility curve, 11, 142 
in railway signaling, 467 
limit of, 245 
maximum, 13 

range of lighthouse, 474, 476 
Vision, 317 
and headlighting, 446 
lighting, 239 
street lighting, 427 
color, 235, 324 
conservation of, 354, 359 
field of, 234 , 242, 211, 274, 279 
limits of, 242 
time threshold of, 246 
of exposure in, 275 
Visual acuity, 325 
after-images, 237 
contrast, 237, 242, 247 
purple, 234 
test card, 245 
Vitiation, 66 

W 

Wall brackets, see Brackets 
brightness, 281, 362 
effect on coefficient of utilization, 283 
308 

* depreciation factor, 309 
room lighting, 328 
glare from, 264, 281 
11 ) art galleries, 360 
lighting in factories, 392, 393 
painting of, 274, 282, 337, 355 
reflection from, 264, 337 
Water gas, 43 

Watts per runnipg foot, 385 
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Wave theory of light, 1 
Weber illuminometer, 200, 202 
law, 242 

Wedge photometer, 189 
Welsbach, 55 
Weston, 68 

White glass (opal), 258, 264 
glare from, 274 
in street lighting, 430 
White way ” lighting, 421 
Whitman, 220, 221 
Wien’s law, 33 

Windows, area of, in buildings, 338 
auditorium, 356 
church, 373 

museum, 368, 370, 371 


Windows, school, 356, 357 
shades for, 338, 357, 358, 395 
show-, 385 

Working standard, 179 
acetylene lamp as, 187 
in illuminometer, 200 
incandescent electric lamp as, 187 
kerosene lamp as, 186 

X 

X-rays, 6 

Y 

^ oung, 236, 239 



